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un contrat identique à celui-ci. À chaque réutilisation ou distribution de cette création, 
vous devez faire apparaitre clairement au public les conditions contractuelles de sa mise 
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Wei Fang. (2019). Effets du stress dû aux fibres alimentaires et à la chaleur sur 
le métabolisme du cholestérol et des acides biliaires chez le porc. (Thèse de 
doctorat en anglais). Gembloux, Belgique, Gembloux Agro-Bio Tech, Université de 
Liège, 155 p., 11 table, 31 figures. 
Le cholestérol joue un rôle vital dans le corps humain et animal.  C’est un composant 
essentiel de toutes les membranes cellulaires et sert de précurseurs aux hormones 
stéroïdiennes, aux acides biliaires et à la vitamine D. L'homéostasie du cholestérol est 
maintenue par un équilibre subtil entre la synthèse, absorption et excrétion. La 
conversion du cholestérol en acides biliaires (bile acids, BAs) est la principale voie 
d’excrétion du cholestérol. En outre, les molécules de signalisation des BA peuvent 
coordonner les lipides hépatiques et l'homéostasie énergétique via le récepteur 
farnésoïde X du récepteur nucléaire (FXR) et le récepteur de l'acide biliaire lié à la 
membrane plasmique (TGR5). Dans cette étude, nous avons étudié les effets de 
l’ingestion de fibres alimentaires et l’exposition à la chaleur sur le métabolisme du 
cholestérol et des acides biliaires chez les porcs. Le porc est reconnu comme un 
excellent modèle biomédical pour les études humaines. Les réponses métaboliques et 
physiologiques à une charge calorifique sévère sont un modèle idéal pour approfondir 
notre compréhension de la biologie thermique. En plus, les porcs étant une espèce 
agricole importante, les résultats auront probablement des conséquences importantes 
pour la santé humaine et la production porcine. 
Premièrement, les fibres alimentaires solubles (FD) sont connues depuis longtemps 
pour leurs effets hypocholestérolémiants. Elles sont donc considérées comme des 
compléments alimentaires sains pour réduire le risque de maladies cardiovasculaires, 
etc. La pectine, une fibre soluble extraite des fruits, peut augmenter l'excrétion fécale 
des BAs et détourne le cholestérol pour synthétiser les acides biliaires. Au Chapitre 
3, nous avons démontré l’effet hypolipémiant de la pectine même chez les porcs 
nourris avec un régime classique à base de farine de maïs et de soja avec un taux de 
graisse normal. En établissant le profil des BA intestinaux et en cartographiant les 
capteurs et les transporteurs des BA le long de l'intestin, nous avons tout d'abord fourni 
les preuves moléculaires permettant d'affirmer que l'iléon et le jéjunum constituaient 
la principale section intestinale de la réabsorption des BA chez les porcs. Sur la base 
de ces données, il en ressort une grande similitude entre le transport des BA 
intestinaux chez l'homme et le porc. La pectine dans un régime avec un niveau normal 
de matières grasses n'influençait pas la synthèse et l'excrétion des BAs, cependant, 
elle régulait positivement les capteurs et les transporteurs de BAs intestinaux dans 
l'iléon et le côlon. 
Deuxièmement, nous avons étudié l'effet de l'exposition à la chaleur (Heat stress, 
HS) sur le cholestérol chez les porcs. Chez les porcs stressés par la chaleur, le 
métabolisme des lipides est unique, contrairement à leurs homologues nourris de 
manière identique mais ne subissant pas le HS. Cependant, le mécanisme du HS 
agissant sur le métabolisme du cholestérol reste incertain. Dans l’étude, une 




50% de la consommation alimentaire et une fréquence respiratoire de 300% cependant, 
ce HS n'a pas causé de dommages évidents. De même, nous avons constaté que, pour 
un HS à court terme, la synthèse du cholestérol hépatique était réduite, mais que le 
taux de cholestérol sérique augmentait. Le HS à long terme entraînait une altération 
du métabolisme du cholestérol dans le foie, l'absorption était diminuée et la 
distribution de cholestérol dans d'autres tissus était augmentée (Chapitre 4). 
Troisièmement, nous avons effectué une expérience sur le profilage des BAs lorsque 
des porcs étaient exposés à un stress thermique (Chapitre 5). Les acides biliaires sont 
essentiels pour l'homéostasie du cholestérol et de nouveaux rôles dans le métabolisme 
ont été récemment mis en évidence. Pour l'HS à court terme (Chapitre 5a), les 
taurocholates du foie, y compris les acide taurolithocholique (TLCA), acide 
taurochénodésoxycholique (TCDCA), acide tauroursodésoxycholique (TUDCA), 
acide tauroursodésoxycholique (TUDCA) et acide tauro hyocholique (THCA), étaient 
élevés à jour 3,. En revanche, au Chapitre 5b, les BA sériques et hépatiques conjugués 
à la taurine étaient réduits après une exposition à un HS de 21 jours. Plusieurs TCBA, 
tels que TUDCA et THDCA, sont connus comme des chaperons pour inhiber le stress 
du réticulum endoplasmique classique. Cela pourrait être préjudiciable à la fonction 
normale des cellules subissant un stress thermique. De plus, le HS à long terme a 
induit chez les porcs une diminution de l'expression des gènes impliqués dans la 
synthèse et la conjugaison de BAs, ainsi que des flux entrant et sortant du foie, 
indépendamment de la restriction alimentaire. Il s'agit de la première étude 
caractérisant de manière exhaustive les profils des BAs dans des compartiments 
importants pour maintenir l'homéostasie des BAs après un stress thermique chez le 
porc. 
En résumé, cette thèse a permis de mieux comprendre le métabolisme du cholestérol 
et des acides biliaires lorsque les porcs recevaient de la pectine alimentaire ou étaient 
exposés à un HS. La pectine alimentaire réduisait les taux de cholestérol sérique et 
augmentait le transport transépithélial des BAs dans le caecum et le transport apical 
des BAs dans l'iléon. Ces résultats suggèrent des effets régulateurs spécifiques de la 
pectine sur le transport des BAs dans l’intestin. De plus, l'exposition à la chaleur 
déclenche une variation du métabolisme du cholestérol qui n'est pas causée par la 
restriction alimentaire. Ces résultats nous ont aidés à mieux comprendre les influences 
du HS sur le métabolisme de cholestérol et BAs. En outre, l'exposition à la chaleur a 
de profondes répercussions sur les TCBAs du foie, qui, indépendamment de l'apport 
en nutriments, pourraient constituer des éléments pour protéger les cellules des 
dommages causés par le stress thermique. 
Mots-clés: pectine alimentaire; stress thermique; cholestérol; acides biliaires; porcs; 




Wei Fang. (2019). The effects of dietary fiber and heat exposure on cholesterol 
and bile acids metabolism in pigs (PhD Dissertation in English). Gembloux, 
Belgium, Gembloux Agro-Bio Tech, Liège University, 155 pages, 11 tables, 31 
figures. 
Cholesterol, as a vital role in the human and animal body, is an essential component 
of all cell membranes and serves as precursors for steroid hormones, bile acids (BAs) 
and vitamin D. Cholesterol homeostasis is maintained by a subtle balancing act among 
synthesis, absorption, and excretion. Conversion to BAs from cholesterol is the major 
route for cholesterol excretion. Furthermore, BAs, as signaling molecules, can 
coordinate hepatic lipids and energy homeostasis through the nuclear receptor 
farnesoid X receptor (FXR), and the plasma membrane-bound bile acid receptor 
(TGR5). In this study, we investigated the effects of dietary fiber and heat exposure 
on cholesterol and bile acids metabolism in pigs. Pigs are recognized as excellent 
biomedical models for human research and the highly conserved metabolic and 
physiological responses to a severe heat load amongst species make it an ideal model 
to further extend our knowledge on thermal biology. In addition, pigs are important 
agricultural species, thus results will likely have important implications in both human 
health and pig production. 
Firstly, soluble dietary fibers (DFs) have been known for their cholesterol-lowering 
effects for a long time and thereby they are suggested as healthy dietary supplements 
to reduce the risk of cardiovascular diseases, etc. Pectin, a fruit-extracted DF, can 
increase fecal excretion of BAs to divert cholesterol to synthesize bile acids. In 
Chapter 3, we demonstrated the lipid-lowering effect of pectin even in pigs fed with 
a conventional corn-soybean meal diet with a normal level of fat. By profiling 
intestinal BAs and mapping BAs sensors and transporters along the length of intestine, 
we for the first provided the molecular evidence to support that the ileum and jejunum 
are the major gut section for BAs re-absorption in pigs. Based upon these data, it 
shown a great similarity between human and pig regarding intestinal BAs 
transportation. Pectin in a diet with a normal level of fat did not influence the BAs 
synthesis and excretion, however, it did upregulate intestine BAs sensors and 
transporters in the ileum and cecum. 
Secondly, we investigated the effect heat stress on cholesterol in pigs. In heat-
stressed pigs, lipid metabolism is unique, in contrast to pair-fed counterparts. 
However, the mechanism of HS acting on cholesterol metabolism remains unclear. In 
the study, a temperature of 33°C does stress the growing pigs, indicating by 50% 
reduced feed intake and 300% respiratory rate; however, it did not cause obvious 
damages. Likewise, we found that, in short-term HS, liver cholesterol synthesis was 
reduced but serum cholesterol level was increased. Long-term HS pigs leaded to 
cholesterol metabolism alteration in the liver, uptake had reduced and cholesterol 
distribution to other tissues had increased (Chapter 4).  
Thirdly, we performed an experiment on BA profiling when pigs were exposed to 
heat stress (Chapter 5). Bile acids are critical for cholesterol homeostasis and new 




liver taurocholates, including taurolithocholic acid (TLCA), taurochenodeoxycholic 
acid (TCDCA), tauroursodeoxycholic acid (TUDCA), taurohyodeoxycholic acid 
(THDCA) and taurohyocholic acid (THCA) were elevated on d3, which at the 
functional level. In contrast, In Chapter 5b, taurine-conjugated BAs (TCBA) were 
reduced in serum and liver after 21d heat exposure. Several TCBAs, such as TUDCA 
and THDCA, are known as chaperons to inhibit classic endoplasmic reticulum (ER) 
stress. This could be deleterious to normal function of cells experiencing heat stress. 
In addition, the long-term HS pigs caused a decreased expression of genes involved 
in BA synthesis and conjugation as well as efflux and flux transport in liver, which 
are not caused by feed restriction. It is the first study to comprehensively characterize 
BA profiles in compartments important to maintain BA homeostasis after heat stress.  
In summary, this thesis increased the understanding of cholesterol and bile acids 
metabolism when pigs supplemented dietary pectin and exposed HS, respectively. 
Dietary pectin reduced serum cholesterol levels and increased transepithelial transport 
of BAs in the caecum and apical transport of BAs in the ileum. These results suggested 
site-specific regulatory effects of pectin on BAs transport in the gut. In addition, heat 
exposure triggered cholesterol metabolism variations which are not caused by reduced 
feed intake. These have helped us to develop a different understanding of HS 
influencing cholesterol and BA metabolism. Furthermore, heat stress has profound 
impacts on liver TCBAs, which independently of nutrient intake, might serve as 
elements to protect cells damage during heat stress.  
Keywords: dietary pectin; heat stress; cholesterol; bile acids; pigs; gene expression; 
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Cholesterol plays a vital role in the human and animal body. It is an essential 
component of most biological membranes and serves as precursor for bile acids (BAs). 
Therefore, it is critical to maintain cholesterol homeostasis including biosynthesis, 
absorption and secretion. Cholesterol is mainly de novo synthesized from acetyl 
coenzyme A (Bloch, 1965) in the liver and 3-hydroxy-3-methylglutaryl-CoA 
(HMGCR) is the rate limiting enzyme of this pathway (Burg and Espenshade, 2011; 
Jo and DeBose-Boyd, 2010; Larsson, 1996). Serum cholesterol is taken up into the 
liver by LDLR (Goldstein and Brown, 1976). In addition, sterol regulatory element-
binding proteins (SREBPS) as important transcription factors, regulate cholesterol 
synthesis and uptake (Gong et al., 2006; Horton et al., 2002).  
Approximately 500 mg of cholesterol is converted into BAs each day in the adult 
human liver, which is the predominant metabolic pathway for cholesterol excretion in 
humans. The liver and the intestines are extremely important for BAs homeostasis. 
Primary bile acids (PBA) are exclusively synthesized from cholesterol in the liver via 
the classic or alternate pathway which are initiated by cholesterol 7α-hydroxylase 
(CYP7A1) and mitochondrial sterol 27-hydroxylase (CYP27A1), respectively. PBA 
can conjugate with glycine or taurine and then PBA are secreted into the gallbladder 
and emptied into the small intestine, where they act as detergents to facilitate the 
absorption of dietary lipids, cholesterol, and fat soluble vitamins (Maxfield and van 
Meer, 2010; Morgan et al., 2016). Most bile salts (95%) are reabsorbed in the ileum 
by the action of specific transporter systems, transported from the intestine to the liver 
though the portal circulation and then re-secreted into the bile (Dawson and Karpen, 
2015; Zwicker and Agellon, 2013). BAs are gaining increasing recognition as 
important metabolic signaling molecules that modulate lipid, glucose, and energy 
metabolism through farnesoid X receptor (FXR) and plasma membrane-bound bile 
acid receptor (TGR5) (Hylemon et al., 2009). Gut microbiota has also a potent impact 
on BAs signaling. In the intestine, on one hand, BAs restrict bacterial multiplication 
and overgrowth (Sayin et al., 2013). On the other hand, intestinal bacteria convert 
PBA through deconjugation, oxidation and dehydroxylation, to produce secondary 
bile acids (SBA) (Zhang et al., 2014). This modulation of BAs circulation indicates 
that the gut microbiome also plays an important role in maintaining cholesterol 
metabolism (Gérard, 2013). 
Cholesterol is an important lipid of the body, which is associated with cell 
membrane fluidity and the generation of various hormones and BAs. Its relation to 
human health and diseases is now well recognized (Cruz et al., 2013; Maxfield and 
Tabas, 2005). Cholesterol and BAs homeostasis can be altered by diet, age, disease 
and environmental temperature. Dietary fiber and heat stress are two important factors 
that play an important role in the growth, metabolism and wellbeing in humans and 
animals. Dietary fiber and heat stress can cause changes of cholesterol metabolism 
(Pearce et al., 2013; Ghaffarzadegan et al., 2016). However, it is not completely 
understood how cholesterol homeostasis is regulated by dietary fiber and heat stress. 
Murine models are widely used to study the BAs metabolism. However, 
significant differences in the compositions of BAs have been revealed between 
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human and murine models. It is reported that, in murine models, over 95% of biliary 
BAs are conjugated with taurine; whereas the human pool is dominated by 
glycocholates (Dawson et al., 2009; Si et al., 2014). The pig, like the human, has a 
greater proportion of glycocholates than taurocholates (Mi et al., 2016). Thus, it is 
expected that pigs and humans will have a more comparable BAs metabolism 
mechanism than mice and humans. In addition, the highly conserved metabolic and 
physiological responses to a severe heat load amongst species (Baumgard and Rhoads 
2013) can make pigs to become an ideal animal model to further extend our 
understanding of thermal biology. Altogether, given these observations, the present 
thesis was to investigate the effect of dietary fiber and heat stress on the cholesterol 
and BAs metabolism in pigs. 
1. Cholesterol metabolism 
Cholesterol levels are strictly regulated between synthesis, absorption and 
catabolism to maintain its homeostasis. However, alterations of cholesterol 
homeostasis may lead to major human disorders such as cardiovascular diseases. The 
liver and the intestines are the major organs for the maintenance of whole body 
cholesterol homeostasis (Kruit et al., 2006). 
1. 1. Cholesterol synthesis 
Cholesterol can be obtained from the diet and can be synthesized de novo from 
acetyl coenzyme A, the latter being the main source in humans (Gylling, 2004). 
Cholesterol is synthesized via an enzymatic cascade known as the mevalonate 
pathway. This series of reactions is primarily regulated by a rate-limiting enzyme 3-
hydroxy-3methylglutaryl-CoA coenzyme A (HMG-CoA) reductase that catalyses the 
conversion of HMG-CoA into mevalonate, which is an important regulatory step in 
cholesterol synthesis (Figure 1-1) (Bucher et al., 1960; Larsson, 1996). The activity 
of HMGCR reductase contributes to a feedback inhibition of the synthesis of 
cholesterol (Sever et al., 2003). In addition, the expression of several multiple 
enzymes dedicated to cholesterol synthesis and uptake is regulated by sterol 
regulatory element binding proteins (SREBPs) transcription factor family (Sato, 
2010). SREBPs have three subtypes: SREBP-1a, SREBP-1c and SREBP-2 which 
preferentially activate cholesterol synthesis through a feedback repression pathway 
(Brown and Goldstein, 1997; Repa and Mangelsdorf, 2000). At low cholesterol level, 
SREBP and SREBP-cleavage-activating protein (SCAP) complex is formed to 
activate HMGCR transcription, which increases cholesterol synthesis. In contrast, at 
high cholesterol level, the SREBP-SCAP complex is inhibited as a result of reduction 
of HMGCR transcriptional rates, thereby repressing the cholesterol synthesis. 




Figure 1-1. Cholesterol metabolism. Cholesterol is synthesized from acetyl coenzyme A in the 
liver and HMGCR is the rate-limiting enzyme. SREBP are important transcription factors, 
which regulate the cholesterol biosynthetic pathway. Hepatocytes can also take up cholesterol 
by LDLR mediated endocytosis. Conversion to BAs from cholesterol is the major route for 
cholesterol excretion. In addition, the intestinal epithelium is equipped to take up dietary 
cholesterol via NPC1L1. HMGCR: 3-hydroxy-3-methylglutaryl-CoA; LDLR: low-density 
lipoprotein receptor; SREBP: sterol regulatory element-binding protein; NPC1L1: Niemann-
Pick-C1-like-1; C: cholesterol. 
1. 2. Cholesterol absorption 
To sustain the whole-body cholesterol homeostasis, lipoproteins, including high-
density lipoprotein (HDL), low-density lipoprotein (LDL) and very low-density 
lipoprotein (VLDL) are involved in the carrying and transport of cholesterol. Among 
the lipoproteins, LDL is the main carrier of cholesterol, which carries cholesterol from 
the liver to other tissues through the LDL-receptor (LDLR), an endocytotic process 
for the uptake of the whole lipoprotein particle (Goldstein and Brown, 1976). HDL 
transports cholesterol from the peripheral tissue to the liver. The HDL mediated 
reverse cholesterol transport process is essential to facilitate the liver’s unique ability 
to process and promote the excretion of excess cholesterol from the body. Moreover, 
cholesterol regulates the expression of the LDLR by a negative feedback mechanism, 
involving SREBP-2. Thus, the transcription of LDLR is repressed when cell 
cholesterol levels are high. However, the transcription of LDLR is induced to facilitate 
the uptake of LDL particles from plasma, increasing intracellular cholesterol 
concentration when cholesterol is not sufficient. In addition, the intestinal epithelium 
has mechanisms for the uptake of dietary and biliary cholesterol from the gut lumen 
into the enterocytes via Niemann-Pick-C1-like-1 (NPC1L1) protein (Solomon and 
Freeman, 2011). 
1. 3. Cholesterol catabolism 
Excess cholesterol is eliminated from the body by two different mechanisms, in 
which BAs synthesis is the most important one in comparison with the direct secretion 
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of unesterified (free) cholesterol molecules into the bile. In this pathway, BAs as direct 
end-products of cholesterol catabolism are excreted via the bile and intestine into the 
feces (Lu et al., 2000). In the adult liver, almost 500 mg/d, accounting for 90% of the 
cholesterol, is converted into BAs that can facilitate biliary excretion of cholesterol 
and the intestinal absorption of dietary fat, cholesterol, and fat-soluble vitamins as 
detergent molecules (Lu et al., 2010). In addition, different amounts and orientations 
of the hydroxyl groups are adopted shaping their detergent ability. The hydrophobicity 
is enhanced by the sequences of ursodeoxycholic acid (UDCA), cholic acid (CA), 
chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), and lithocholic acid (LCA).  
2. Bile acids metabolism 
2. 1. Bile acids synthesis 
Bile acids are amphiphilic molecules derived from cholesterol in the hepatocytes. 
Primary BAs, cholanoic acids (CA, 3α , 7α , 12α -trihydroxy-cholanoic acid) and 
CDCA (3α, 7α-dihydroxy-cholanoic acid) are synthesized from cholesterol primarily 
in pericentral epatocytes through a series of sterol ring hydroxylations and side chain 
oxidation steps (Figure 2) (Chiang, 2017; Hofmann, 1984). The classic and alternative 
pathways of BAs biosynthesis are initiated by cholesterol 7α-hydroxylase (CYP7A1) 
and mitochondrial sterol 27-hydroxylase (CYP27A1), respectively (Russell, 2003). 
The classic BAs biosynthetic pathway is initiated by CYP7A1 and sterol 12α-
hydroxylase (CYP8B1) is required for 12a-hydroxylation of 7a-hydroxy-4-cholesten-
3-one, an intermediate metabolite and marker for synthesis of CA. CYP27A1 
catalyzes steroid side-chain oxidation, after which the cleavage of a three-carbon unit 
in the peroxisomes leads to formation of a C24-BA, CA and CDCA. In the alternative 
pathway, CYP27A1 initiates BAs synthesis by hydroxylation and oxidation of 
cholesterol to 3β-hydroxy-5-cholestenoic acid, which is then 7α-hydroxylated by 
oxysterol 7α-hydroxylase (CYP7B1) to form 3β,7α-dihydroxy-5-cholestenoic acid. 
These reactions also occur in macrophages and most other tissues in addition to the 
liver. The PBA in the liver are further converted to secondary bile acids (SBA) by the 
actions of the gut microbiota, which include dehydroxylation, dehydrogenation, and 
epimerization (Dawson and Karpen, 2015). In humans, deoxycholic (3α,12α-
dihydroxy-5-cholanoic acid, DCA) and lithocholic (3α-hydroxy-5-cholanoic acid, 
LCA) acids represent the major SBA species that are derived from CA and CDCA, 
respectively (Figure 1-2). 
Prior to their secretion into the bile canalicular lumen, PBA can conjugate with 
either glycine (predominant in humans) or taurine (predominant in mice) in the liver 
(Claus et al., 2011) under the catalysis of BA coenzyme A synthetase (BACS) and 
BAs amino acid transferase (BAAT). Most mammals are able to form both taurine and 
glycine conjugates: the ratio in which they are formed is determined by the availability 
of taurine since the enzyme has a greater affinity for this amino acid. Glycine 
conjugation occurs only in mammals and some conjugated bile acids may be present 
to a small extent as sulfate esters (Danielsson and Sjovall, 1975). The normal ratio of 
glycine to taurine conjugates is 3:1 in human. The rate of taurocholic acid 
deconjugation is considerably slower than that of glycine conjugated bile acids, and 
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reconjugation occurs preferentially with glycine. Conjugation appears to be a 
prerequisite for efficient secretion of the common C24 BAs into bile. Furthermore, 
conjugation with glycine or taurine lowers the pKa value by 1.3 and 5 units, 
respectively, compared with the unconjugated parent compound, and therefore renders 
conjugated BAs fully ionized at physiological pH of 6.8. The conjugation reactions 
are highly efficient, as indicated by the fact that all biliary acids found in mammals 
are conjugated (Moschetta et al., 2005).  
 
 
Figure 1-2. Bile acid synthesis pathways (Chiang, 2017). Primary bile acids (CA and CDCA) 
are formed in the liver via the classic or the alternate pathways, which are initiated by CYP7A1 
and CYP27A1, respectively. In the ileum and colon, primary bile acids are deconjugated by 
bacterial bile salt hydrolase (BSH) activity, and the 7α-hydroxyl group is removed by bacterial 
7α-dehydroxylase activity to form secondary bile acids (DCA and LCA). 
2. 2. Bile acids enterohepatic circulation 
The BAs pool in the body is maintained by the enterohepatic circulation (EHC). The 
term “enterohepatic circulation” denotes the loop of BAs molecules from the liver to 
the small intestine and back (Figure 1-3). Anatomically, EHC involves inputs of BAs 
from the biosynthesis from cholesterol, conjugation with taurine or glycine, 
canalicular excretion of conjugated BAs, active absorption of these conjugated bile 
acids in the terminal ileum, uptake by hepatocytes, and active transport across the 
canalicular membrane (Hofmann, 2009). The transporters responsible for the 
enterohepatic circulation of bile acids have been identified and are shown in Figure. 
3. Bile acids are produced in the hepatocytes and a portion of the BAs are directly 
voided into the blood by the efflux transporters on the basolateral membrane of 
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hepatocytes via the Multidrug Resistance Proteins (MRP3) and MRP4. However, 
most BAs go across the canalicular membrane occurs via bile salt export pump (BSEP) 
that transports monovalent BAs and Multidrug Resistance Protein (MRP2) that 
transports divalent sulfated or glucuronidated BAs stored in the gallbladder. Then, 
BAs empty into the duodenum in response to a meal to facilitate absorption of dietary 
triglyceride and fat-soluble vitamins (Dawson and Karpen, 2015; Mataki et al., 2007).  
The majority of BAs are efficiently reabsorbed (>95%) in the distal ileum, mainly 
by active transport mediated by apical Na+-dependent bile acid transporter (ASBT or 
SLC10A2) located in the brush border membrane. Unconjugated BAs, formed after 
glycine/taurine hydrolysis by intestinal bacteria, can also be absorbed by passive 
diffusion from both the small and large intestine. However, their transport is much 
less effective via this route. Less than 5% of the intestinal bile acids escape 
reabsorption and are excreted in the feces (Chiang, 2009; Hofmann, 2009). The 
intestinal BA-binding protein (IBABP) contributes to the transportation of BAs across 
the ileal enterocytes. Followed by the organic solute transporters (OSTα/β) flow into 
the portal vein. The BAs are then taken up into hepatocytes mainly mediated by the 
Na+-dependent Taurocholic Cotransporting Polypeptide (NTCP: uptake of 
conjugated BAs). Microsomal epoxide hydrolase (mEH) and Organic Anion 
Transporting Polypeptides (OATPS: uptake of unconjugated BAs) also transport bile 
acids in a Na+-dependent and Na+-independent manner, respectively. 
 
 
Figure 1-3. Enterohepatic circulation of bile acids (Alrefai and Gill, 2007).  
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2. 3. Regulation of bile acid biosynthesis 
The synthesis of bile acids is controlled by BAs returning to the liver via the 
enterohepatic circulation as negative feedback mechanism. Returning BAs inhibit 
CYP7A1 (Russell, 2003). Currently, there are two FXR-dependent mechanisms for 
BAs inhibition of CYP7A1 gene transcription (Figure 1-4). In the liver, FXR induces 
SHP to inhibit CYP7A1. In the intestine, FXR induces fibroblast growth factor 19 
(FGF 19) to activate liver FGF receptor 4 (FGFR4) signaling to inhibit CYP7A1. 
The FXR/SHP pathway: in the liver, FXR plays a prominent role in the feedback 
regulation of BAs synthesis (Edwards et al., 2002). Bile acids activate FXR, which 
induces small heterodimer partner (SHP) expression. SHP then interact with FTF. SHP 
protein blocks activities of FTF that is known to positively regulate CYP7A1 gene 
transcription expression (Goodwin et al., 2000; Lu et al., 2000). The FXR/SHP 
pathway is inversely correlated with the expression of hepatic CYP7A1.  
The FXR/ FGF19/FGFR4 pathway: in the ileum, FXR induces the expression of a 
fibroblast growth factor family member, FGF15/19 (Holt et al., 2003; Song et al., 
2009). FGF15/19 is a hormone released by the ileum and secreted into the portal blood. 
When it reaches the liver, it activates hepatic FGF receptor 4 (FGFR4) signaling to 
repress BAs synthesis (Holt et al., 2003; Song et al., 2009). Therefore, the expression 
of FGF15/19 mRNA is inversely correlated to the CYP7A1 mRNA expression levels. 
FGF19 activation of FGFR4 signaling requires a membrane-bound glycosidase β-
Klotho (KLβ). Indeed, in KLβ knockout mice, BA synthesis, and the secretion and the 
expression of CYP7A1 is increased (Ito et al., 2005). 
 
Figure 1-4. Mechanisms responsible for feedback negative regulation of hepatic BAs 
1. General Introduction 
9 
 
synthesis (Dawson, 2018).  
2. 4. Bile acids as signaling molecules 
For several decades, the functions of BAs were largely thought to be limited to the 
stimulation of hepatic bile flow and biliary excretion, and their role in the digestion 
and absorption of fats from the intestinal lumen. However, in recent years, BAs were 
revealed to be also relevant signaling molecules and metabolic regulators, which act 
on both hepatic and extrahepatic tissues to regulate lipid and glucose metabolic 
pathways as well as energy homeostasis (Chiang, 2013; Copple and Li, 2016). Indeed, 
BAs regulated metabolic pathways through activation of several nuclear receptors, 
including the FXR and TGR5 in a variety of tissues (Figure 1-5) (de Aguiar Vallim et 
al., 2013)  
Nuclear hormone receptors: FXR 
The nuclear BA receptor FXR, a member of the steroid/thyroid hormone receptor 
family of ligand-activated transcription factors, plays an important role in regulating 
BAs and lipid metabolisms, as well as energy homeostasis (Chiang, 2004; Kok et al., 
2003; Lefebvre et al., 2009; Russell, 2003; Sinal et al., 2000). FXR expression is 
restricted to liver, kidney, colon, small intestine, and the adrenal cortex (Forman et al., 
1995). Various BAs activate FXR in the following order of activity: CDCA > DCA > 
CA > LCA. 
Regulation of FXR by triglycerides: FXR is related to triglyceride metabolism. 
FXR-null mice develop severe fatty liver with elevated triglycerides and free fatty 
acids (Claudel et al., 2002; Urizar et al., 2000). FXR regulates lipid synthesis by 
involving sterol regulatory element-binding protein 1C (SREBP1C), a key 
transcription factor regulating fatty acid and triglyceride synthesis, through the 
activation of SHP and FGF19 (Miyata et al., 2011; Watanabe et al., 2004). In human 
hepatocytes, FXR induces the expression of the peroxisome proliferator-activated 
receptor α (PPARα), which promotes the oxidation of fatty acids (Pineda Torra et al., 
2003). In, addition, FXR could up-regulate the expression of apolipoprotein C-II 
(apoC-II) and increase clearance of lipoproteins rich in triglycerides (Kast et al., 2001). 
Meanwhile, FXR agonist taurocholic acid strongly decreases serum triglyceride levels 
via reducing mRNA of Apolipoprotein CIII (Apo CIII) in liver (Claudel et al., 2003). 
FXR also activate Syndecan-1 (SDC1) to further promote the removal of lipoprotein 
remnants (Anisfeld et al., 2003). 
Regulation of FXR on cholesterol: FXR plays an important role for the metabolic 
regulation on cholesterol. FXR-null mice fed a high-cholesterol diet (1% cholesterol) 
were distinguished from wild-type mice by elevated serum bile acid and cholesterol 
levels, increased hepatic cholesterol levels, and a proatherogenic serum lipoprotein 
profile (Sinal et al., 2000). Activation of FXR lowers plasma high-density lipoprotein 
(HDL) level by inducing scavenger receptor group B type 1 (SR-BI)(Zhang et al., 
2010). Overexpression of SR-BI was shown to lower plasma HDL-cholesterol (HDL-
C) level, promote reverse cholesterol transport (Kinoshita et al., 2004; van der Velde 
and Groen, 2005). In addition, the positive effects of FXR have been validated on the 
occurrence and development of atherosclerotic diseases (Jonsson and Bäckhed, 2017). 
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FXR activation reduced the formation of aortic plaques in apolipoprotein E-deficient 
(ApoE−/−) mice (Mencarelli et al., 2009). The reversal transport of cholesterol (RTC), 
including that of cholesterol transferred from peripheral tissues to the liver by cycled 
HDL and then metabolized into BAs, was vital in preventing the occurrence of 
atherosclerosis and promoting the elimination of cholesterol (Fielding and Fielding, 
1995). However, the regulation mechanism of FXR on HDL metabolism was not clear. 
Upon the treatment of FXR agonist GW4064, the hypercholesterolemia of mice was 
significantly improved, and HDL-C was reduced (Zhang et al., 2006). It was found 
that the expression of apolipoprotein A I gene was inhibited when FXR was activated 
by BAs, which indicated that FXR might suppress the synthesis of HDL (Claudel et 
al., 2002). FXR is also highly expressed in intestines. However, to our knowledge 
there are no references about the potential regulation mechanism of FXR on the direct 
secretion of cholesterol through intestines. Therefore, further researches are required 
to explore the regulation mechanism of BAs on cholesterol metabolism. 
Regulation of FXR on bile acids homeostasis: FXR plays a critical role in the 
regulation of BAs homeostasis. FXR inhibits the synthesis of BAs by a negative 
feedback that has been mentioned above (1.3.3). FXR also represses the uptake of 
BAs to the liver by repressing NTCP through an SHP-dependent mechanism(Maeda 
et al., 2004; Zollner et al., 2005). FXR increases the efflux of BAs via upregulated 
expression of BSEP, MRP2, OSTα and OSTβ (Boyer et al., 2006; Liu et al., 2014). 
FXR induces the expression of ileal bile acid binding protein (IBABP), which is 
involved in the enterohepatic circulation of BAs (Tu et al., 2000). FXR also regulates 
bile acid conjugation by inducing BACS and BAAT gene transcription (Chiang, 2013). 
Membrane Receptor: TRG5 
TGR5, a member of the rhodopsin-like subfamily of G protein-coupled receptors, is 
expressed in the enteroendocrine small-intestinal cells (Kawamata et al., 2003) as well 
as in the thyroid gland, brown adipose tissue, macrophages (Perino et al., 2014) and 
in many other organs (Duboc et al., 2014). TGR5 are differentially activated by 
LCA>DCA>CDCA>CA. In the small intestine L-cells, TGR5 modulates the release 
of Glucagon-like peptide-1 (GLP-1), an insulin-tropic hormone that stimulates insulin 
secretion, suppresses appetite and slows down gastrointestinal transit. The antidiabetic 
effects of TGR5 have sparked interest as a possible avenue for the development of 
novel therapies in type 2 diabetes mellitus. TGR5 is also involved in the regulation of 
energy homeostasis through the modulation of intracellular cAMP and the stimulation 
of deiodinase activity with subsequent conversion of prohormone thyroxine (T4) to 
the active hormone triiodothyronine (T3) in muscle cells.  




Figure 1-5. How bile acids regulate host metabolism via the bile acid receptors FXR and TGR5 
(Wahlström et al., 2016). 
2. 5. Bile acids and gut microbiota 
It is well established that gut microbiota greatly influence BAs metabolism by 
performing a series of enzymatic reactions, including deconjugation, dehydrogenation, 
and dehydroxylation (Figure 1-6), which lead to different SBA in adult human feces 
(Midtvedt, 1974; Ridlon et al., 2006). Members of the intestinal microbiota have genes 
that encode for a variety of pyridine nucleotide-dependent BAs hydroxysteroid 
dehydrogenases (HSDH). Bile acid HSDHs have been detected and characterized in 
numerous genera inhabiting the lumen of the colon, including; Bacteroides, 
Clostridium, Escherichia, Eggerthella, Eubacterium, Peptostreptococcus, and 
Ruminococcus (Devlin and Fischbach, 2015; Franklund et al., 1990; Mythen et al., 
2018; Ridlon et al., 2016). The transformation of BAs in the intestines is mainly 
performed by anaerobic bacteria of the Bacteroides, Eubacterium, Lactobacillus and 
Clostridium genera.  It involves deconjugation of taurine- and glycine-conjugated 
BAs via the action of bile salt hydrolases (BSH) to their respective unconjugated free 
BAs. In humans, other microbes are capable of shrinking the bile acid pool through 
inhibition of BAs synthesis in the liver durunginflammation (Dikopoulos et al., 2003). 
The relationship between gut microbiota and BAs composition have been previously 
shown by Zhang et al. who demonstrated that Lactobacillaceae, Enterobacteriaceae, 
Clostridiaceae_1, Peptostreptococcaceae, Mycoplasmataceae, Campylobacteraceae 
and Erysipelotrichaceae were positively correlated with PBA, GCBA, and TCBA, 
while Prevotellaceae, Acidaminococcaceae, Ruminococcaceae, Lachnospiraceae, 
Desulfovibronaceae, Veillonellaceae, Bacteroidales_S24.7_group, Rikenellaceae 
were positively correlated with SBA (Zhang et al., 2018). Gut microbiota also 
regulated the expression of fibroblast growth factor 15/19 in the ileum and CYP7A1 
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in the liver by FXR-dependent mechanisms (Sayin et al., 2013). Moreover, inhibiting 
intestinal microbiota with antibiotics significantly increased mRNA for the hepatic 
BAs uptake transporters (NTCP and OATPS) and canalicular BAs efflux transporters 
(BSEP and MRP2), but decreased mRNA of the hepatic BAs synthetic enzyme 
CYP8B1, which have distinct effects on the modulation of intestinal bacteria and host 
BAs metabolism (Zhang et al., 2014). In addition, bile acids compositions also 
regulate gut microbial community structure in animals and humans. Indeed, when rats 
were fed diets supplemented with CA for 10 days, phylum-level alterations were 
observed in the composition of the gut microbiota (Islam et al., 2011). 
 
Figure 1-6. Biotransformation of bile acids by the gut microbiome (Dawson, 2018). Gut 
bacterial metabolism includes deconjugation, 7-dehydroxylation, oxidation, and epimerization 
of BAs.  
3. Bile acids and dietary fiber 
Dietary fiber (DF), as an important component of the diet, has drawn a great 
attention in the last several decades because of its potential health benefits 
(Papathanasopoulos and Camilleri, 2010; Raninen et al., 2011). A large part of the 
research demonstrate that intake of dietary fiber is inversely related to obesity (Tucker 
and Thomas, 2009), type two diabetes (Meyer et al., 2000), cancer (Park et al., 2009) 
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and cardiovascular disease (Ebihara and Schneeman, 1989; Kritchevsky, 1987; 
Vahouny et al., 1980). 
3. 1. Defining dietary fiber 
DFs are edible parts of plants or analogous carbohydrates that escape digestion in 
the small intestine, and are partially or completely fermented by the microbiota in the 
colon (Jones, 2013). In more detail, DF can be divided into four categories (Table 1-
1): nonstarch polysaccharides (NSP), resistant oligosaccharide, resistant starch (RS) 
and lignin (Buttriss and Stokes 2008; Guo et al., 2018). 
 
Table1-1 Classification and composition of dietary fiber 
Classification Constitution 
Nonstarch polysaccharides (NSP) cellulose, hemicellulose, pectins and β-glucans 
Resistant oligosaccharides fructo-oligosaccharide , galactooligosaccharide , 
other resistant oligosaccharides (degree of 
polymerisation >3) 
Resistant starch (RS) physically inaccessible starch (RS1), native starch 
granules (RS2), retrograded starch (RS3) and 
chemically modified starch (RS4) 
Lignin Not a polysaccharide but chemically bound to 
hemicelluloses in plant cell walls 
 
Generally, DF has been frequently divided into soluble and insoluble fiber (Figure 
1-7). There is general acceptance of the concepts soluble fiber, being fermentable and 
viscous while insoluble fiber are non-viscous and barely fermentable (García and 
Camblor, 1999). This distinction is due to the chemical properties of fiber sources and 
analytical quantification; rather than their physiological effects (Dikeman and Fahey, 
2006). Soluble DFs include pectin, guar gums, β-glucans, psyllium, arabinoxylans, 
and inulins, whereas insoluble DFs include cellulose, some hemicellulose and lignin  
(Fuller et al., 2016). The physiologic effects of a particular DF are attributed to its 
degree of viscosity and fermentation. Those can indeed be influenced by the solubility 












Figure 1-7. Analytical classifications of dietary fibers (Kerr and Shurson, 2013). CF: crude 
fiber; ADF: acid detergent fiber; WSC: water soluble carbohydrate; NSC: nonstructural 
carbohydrate; NSP: nonstarch polysaccharides; SDF: soluble dietary fiber; ISDF: Insoluble 
dietary fiber; TDF: total dietary fiber. 
3. 2. Pectins 
Pectins are one type of complex polysaccharides found in the primary cell walls and 
intracellular layer of plant cells. Pectin can be extracted from fruits and are almost 
completely fermented in the colon. Most of the pectin used by food industry and 
animal feed is extracted at low pH and high temperature and is primarily a 
homogalacturonan (Oakenful, 1991). Apple pomace and citrus peels are the most 
common food source rich in pectin (Thakur et al., 1997). Other sources of commercial 
pectins that have been considered are sugar beet and residues from the seed heads of 
sunflowers (Miyamoto and Chang, 1992; Rombouts and Thibault, 1986). Recent 
studies showed banana peel is also a source of pectin for animal feed (Khamsucharit 
et al., 2018). 
3. 3. Pectins and bile acids 
Increasing attention has been paid to using pectic polysaccharides for their 
hypolipidemic function because of increasing number of people suffering from 
hyperlipidemia around the globe. The first study, which demonstrated the 
hypolipidemic effects of pectins (15 g/day), was published in 1961 (Keys et al., 1961). 
Typically, reductions for total cholesterol and LDL-C are found in consequence to 
pectin consumption. Decreases of 7.6% for plasma TC and 10.8% for LDL-C as well 
as 9.8% for the ratio LDL-C to HDL-C were found with pectin-supplemented diet at 
15 g/day for 8 weeks pectin supplementation (Cerda et al., 1988). Pectin supplemented 
at 6 g/day for 3 weeks also decreased LDL-C by 6 % (Brouns et al., 2012). 
Furthermore, in high-fat diets (300 mg/kg body) pectin from haw (Crataegus sp.) 
resulted in significant decreases in plasma TC and TG by 22.3 and 19.1%, respectively 
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(Zhu et al., 2015).  
Cholesterol esters from the diet are hydrolyzed by cholesterol esterase secreted from 
the pancreas, then form cholesterol, which is mixed with bile acids, phospholipids and 
glycerides and subsequently formed into chylomicrons and secreted into the 
circulation. Several mechanisms on the cholesterol-lowering levels associated to 
pectins have been proposed. Firstly, pectins have gel properties and form an 
electrostatic complex with calcium to increase lipid flocculation or microgel 
formation, blocking the contact between cholesterol and digestive enzymes, resulting 
in lipids emulsification obstacles (Espinal-Ruiz et al., 2014). Moreover, pectins 
increase the unstirred water layer and, hence, reduces the absorption of fatty acids and 
cholesterol in the intestine (Fuse et al., 1989; Zhu et al., 2015). In addition, pectins are 
known to be extensively fermented to produce short chain fatty acids (SCFA), 
including acetate, propionate, and butyrate and other products by colonic bacteria 
(Cummings, 1981). The rates of liver cholesterol synthesis can be significantly 
suppressed by propionate (Anderson and Bridges, 1981), which in turn result in lower 
cholesterol level in the body. Last but not the least, pectins can regulate cholesterol 
homeostasis by changing the BA profiles. The consumption of pectins lead to greater 
cholesterol excretion capacities by increasing fecal excretion of BAs and altering the 
profile of BAs pools (Ghaffarzadegan et al., 2016; Hillman et al., 1986; Ide et al., 
1989; Lafont et al., 1985; Matheson and Story, 1994; Matheson et al., 1995). Fecal 
excretion of BAs is a major route for eliminating cholesterol because about 30-40% 
of cholesterol is catabolized into BAs in the liver. The increased synthesis of BAs after 
pectin supplementation consequently diverts hepatic cholesterol from release into the 
systemic circulation in the form of lipoproteins (Zhu et al., 2017a). Thus, much 
attention has been paid to explore the relationship between pectin consumption and 
BA metabolism. Matheson et al. reported that fecal BA pool sizes (individual and total 
BAs) were increased after feeding pectin (5g/100g diet) as a result of reducing 
feedback inhibition of BA synthesis and changing reabsorption of BAs in rats 
(Matheson and Story, 1994). In addition, recent study also showed the supplement of 
haw pectin hydrolyzates in high-cholesterol diet could increase the excretion of 
cholesterol to BAs by 55.5% in mice (Zhu et al., 2015). Moreover, haw pectin penta-
oligogalacturonide (HPPS) increased the output of BA by nearly 110%, while decreased 
the reabsorption of BA by 47% in high-cholesterol diet. Furthermore, the FXR levels 
of transcription and protein were decreased, which induced the suppression of FXR-
FGF15 axis, while the CYP7A1 levels of mRNA and protein were increased in liver. 
In conclusion, the current results demonstrated that HPPS could inhibit the 
reabsorption of BAs in the intestine and improve the synthesis of hepatic BAs (Zhu et 
al., 2017b). However, few research has been done on the composition and transport 
of BA in different intestinal sections after pectin consumption. 
4. Bile acids and Heat stress 
4. 1. Defining heat stress 
Stress is a biological response to adverse environmental conditions (stressor) that 
are seen as a threat to its homeostasis (Moberg, 1993). Various stressful stressors are 
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threatening the human health and livestock production and one of the major stressors 
for survival is heat exposure. The thermoneutral zone (TNZ) of growing pigs is 
essentially its temperature tolerance range, with which basal heat production is at 
equilibrium with the rate of heat loss to the environment and pigs maintain optimal 
metabolic and physical function (Mount, 1968). If an animal goes beyond its upper 
critical temperature (UCT) this can lead to heat stress (BV et al., 2011). This is often 
caused when ambient temperatures or heat indices are high and the rate of heat gain 
and production is higher than the rate of heat dissipation. This is usually due to the air 
temperature or heat indices are high and the heat gain beyond that lost from the body 
(Figure 1-8). Importantly, temperature is not the only factor involved with heat stress, 
temperature-humidity index (THI) combined effects of air temperature and humidity 
as a way to determine the level of heat stress. When THI ≥ 80°F, including an average 
of 70% relative humidity, animals are at risk for severe heat stress. THI values of 75-
78 are considered mild heat stress. Increased respiratory rate is the first sign of heat 
stress. Various authors have suggested that elevated rectal temperature is also an 
important indicator of heat-stressed animals (Close, 1971; Holmes, 1973). The normal 
body temperature of the pig is 39.2 °C. Severe alterations in physiological homeostatic 
mechanisms can be observed in pigs at rectal temperature of 41.5°C (Marple et al., 
1974). Mild heat stress occurs when the body temperature of homeothermic animals 
increases by 1-2°C (Park et al., 2005). 
Heat stress usually develops according to three stages: (1) an alarm reaction, (2) 
resistance or adaptation, and (3) exhaustion (Selye, 1998). During the first stage 2-48 
hours after HS, strain defense mechanisms against overheating come into operation, 
generally reflected in evaporation via sweating and panting for cooling the core 
temperature (Cronje, 2005). In pigs, panting is the major mechanism by which heat is 
dissipated (Fuquay, 1981). In the second stage beginning 48 or 72 hours after HS, 
cooling mechanisms are increased in internal and external heat loads to obtain 
adaptation, which include the increases in water consumption and respiration rates 
and reduction in feed intake. Under heat stress, animals tend to lie down and to reduce 
their locomotion. Seeking shade is a conspicuous form of behavioral adaptation to 
decrease heat gain (Silanikove, 1987). At this stage, animals are more vulnerable to 
negative interactions with stresses (Silanikove, 1997). If the coping attempts to 
maintain adaptation are unsuccessful then the animals enter the exhaustion stage or 
even die (Silanikove, 2000). 
 




Figure1-8. Thermal neutral range of growing-finishing pigs and effects of cold and heat stress 
on production parameters (Coffey R.D., 1995). 
4. 2. Heat stress and public health 
Increasing global warming has resulted in an increased interest in research on the 
pressing and urgent threat of heat stress (HS) on both humans and animals. Exposure 
to extreme hot weather is associated with increased morbidity and mortality, compared 
to an intermediate comfortable temperature range. HS is a major issue in workplaces 
across warm climates countries, and approximately 22,000 to 45,000 heat-related 
deaths occurred across Europe over a two-week heat wave in August 2003 (Patz et al., 
2005). In addition to morbidity and mortality, high temperatures are also detrimental 
for commercial animal farming (Fuquay, 1981; Morrison, 1983). Environmental 
hyperthermia is a significant financial burden. HS results in estimated total annual 
economic losses to livestock industries that are between $1.69 and $2.36 billion in the 
U.S. alone and costs global animal agriculture several billion dollars annually due to 
reduced and inconsistent growth, decreased carcass quality, compromised 
reproduction, reduced milk yields and egg production, and increased veterinary costs 
(St-Pierre et al., 2003). Pigs are particularly susceptible to HS due to the lack of 
functional sweat glands (Renaudeau et al., 2010). Furthermore, pigs have more 
subcutaneous fat than other species, which hampers effective heat dissipation (Mount, 
1979). Many researches have shown that pigs with HS decrease performance (Collin 
et al., 2001), modify absorptive metabolism (Baumgard and Rhoads Jr, 2013; Belhadj 
et al., 2016) and tissue accretion (Pearce et al., 2013) compared to pigs kept in 
thermoneutral conditions. Recently, it was shown that in heat-stressed pigs, 
inflammatory signaling pathways, such as NF-κb and AP-1, were activated in 
oxidative skeletal muscle at 4-12 h of heat exposure (Ganesan et al., 2016; Ganesan 
et al., 2017). 
4. 3. Heat stress and lipid metabolism 
Although, HS reduced feed intake and growth rate, hyperthermia has been observed 
to reduce lipolytic rates in adipose tissue and lipolytic enzyme activity in adipocytes 
(Baumgard and Jr, 2013; Qu et al., 2015; Torlińska et al., 1987), which is associated 
with increased lipid retention, and enhanced fat deposits. The blunted lipolytic activity 
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of the adipose tissue seems to be an adaptation form to limit heat generation in heat-
stressed animals (Belhadj Slimen et al., 2016; Kouba et al., 2001). In contrast, under 
thermo-neutral conditions, when dietary intake was inadequate (which is the same 
situation as for heat stressed pigs), lipids are mobilized to meet the energy balance 
(Van Milgen and Noblet, 2003).  
Qu et. al (2016) found that when pigs were exposed to 35°C with relative humidity 
from 45 to 65%, triglyceride storage increased due to increased expression of 
phosphoenolpyruvate carboxykinase 1 (PCK1), the dominant glyceroneogenic 
enzyme in adipose tissue. These results demonstrated that HS enhanced lipid storage 
in adipose tissue. Additionally, reductions of circulating unesterified fatty acid (NEFA) 
and a blunted NEFA response were observed in HS pigs (Victoria Sanz Fernandez et 
al., 2015). Recently, HS increased triglyceride and fatty acids in adipocytes and 
decreased fatty acid oxidation in adipose tissue (Qu and Ajuwon, 2018). The 
mechanism of lipid metabolism changes induced by HS is not clear. This might be due 
to an augmented insulin action that reduces lipolysis and inactivates lipase in adipose 
tissue (Vernon, 1992). Previous studies have reported that HS increased insulin 
sensitivity in rodents (De Souza and Meier, 1993), pigs (Sanz Fernandez et al., 2015; 
Xin et al., 2018) and dairy cattle (Itoh et al., 1998). In addition, cholesterol metabolism 
was also altered in HS animals. Research showed that cholesterol concentration 
decreases markedly with exposure to high environmental temperature (El-Gaafary, 
1994; Habeeb et al., 1996; Marai et al., 1995). The research from Pearce et al. (2013) 
showed that heat-stressed pigs tended to increase serum circulating cholesterol in 
growing pigs. Another research also confirmed that exposure of farm animals to heat 
stress is accompanied by a decrease in cholesterol concentration (Abdel-Samee et al., 
1989). Experimental exposure of volunteers to moving air at 41°C for six hours caused 
14 percent increase of plasma cholesterol level (Keatinge et al., 1986). Despite the 
observed alteration of cholesterol concentration in animals and humans, the 
mechanism of hyperthermia acting on cholesterol metabolism remains unclear. 
Cholesterol is primarily synthesized in the liver and the potential sources of 
production is acetyl‐CoA originated from fatty acids and the increase of fatty acids 
composition is one of the important reasons for elevating lipogenic pathways (Qu and 
Ajuwon, 2018). In addition, it is known that HS induces fluidization of cellular 
membranes, which play an important role in the control of heat sensing and signaling 
to maintain cellular function (Vigh et al., 1998; Leach and Cowen, 2014). Cholesterol 
is an essential component of most cell membranes, regulating the fluidity of the lipid 
bilayer as well as the heat shock protein signaling which help in heat adaptation (Feder 
and Hofmann, 1999; Robichon and Dugail, 2007; Nagy et al., 2007; Balogh et al., 
2010; Balogh et al., 2013). Lipids play a very important role in the regulation of 
several biological processes-involved HS response. Cholesterol as an important lipid 
component, plays a unique role among the many lipids in mammalian cells. Therefore, 
determining the impact of HS on cholesterol metabolism is an important step toward 
a better understanding of the role of different lipids in HS adaptation. Furthermore, a 
better understanding of the metabolic effects (including cholesterol) of HS is essential 
in order to develop treatment protocols and mitigation strategies both for human health 
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and animal production.  
4. 4. Heat stress and gut microbiota 
Under HS conditions, increased intestinal permeability, which in turn facilitates the 
translocation of bacteria from the intestinal tract, and the alteration this gut protective 
barrier may leave the host more susceptible to colonization by enteric pathogens. Also, 
reduced intestinal integrity and induced intestinal villi fall away and edema can lead 
to an attenuation of intestinal absorption function and the imbalance of homeostasis 
of intestinal microbiota. It has been reported that exposure to heat significantly 
reduced feed intake and cause nutrient deprivation and body weight losses. Recent 
studies have indicated that the gut microbiota is responsive to reduced intake during 
HS, with an increased representation of Bacteroidetes and reduced representation of 
Firmicutes, which are the 2 dominant bacterial phyla. Additionally, calorie restriction 
and body weight changes have an impact on gut microbiota composition. To date, only 
a few studies focus on direct effect of high temperature on intestinal microorganism 
in poultry. Sohail et al. (2010) demonstrated that HS resulted in a marked change in 
bacterial composition in the intestine of chickens, which was associated with a 
depression of body-weight gain. Culture-based studies have demonstrated that acute 
heat stressors in poultry production systems can cause changes in the normal intestinal 
microbiota and epithelial structure, which may lead to increased attachment of 
Salmonella enteritidis (Burkholder et al., 2008). Moreover, heat stress decreased the 
viable counts of Lactobacillus and Bifidobacterium and increased the viable counts of 
coliforms and Clostridium in small intestine (Song et al., 2014). Up to now, the effect 
of high temperature on gut microbial communities remains unclear in humans and 
pigs. 
4. 5. Heat stress and bile acids 
The effects of HS on BAs have been examined by metabolomics (Ippolito et al., 
2014; Wang et al., 2016a). Ippolito et al. (2014) found that metabolic pathways and 
process networks in plasma of rats has been altered after heat stress 48 hours and BAs 
were decreased at maximal temperature. Recently, metabolomic analysis also 
indicated that HS greatly affected diverse metabolites associated with lipid and SBA 
(Wang et al., 2016b). However, how HS affects the concentrations of individual BAs 
as well as the BAs composition was not known. 
5. Pigs as biological models for humans and pig production  
The pig is an excellent model for human research because their physiology, function, 
and anatomy are similar to that of humans (Prather et al. 2013). Pigs have been used 
as models for research in cardiovascular disease, stress and for many aspects of 
nutrition. 
Pigs and humans have the same coronary artery system (Suzuki et al., 2010). Gerrity 
et al. (2001) could induce elevated cholesterol level, leading to hypercholesterolaemia 
in pigs. Both humans and pigs are classified as omnivorous mammals and share 
similarities related to anatomical features of the gastrointestinal tract, and bacterial 
populations in the intestinal tract (Zhang et al., 2013), such as the size of the 
compartments and the predominance of the colon rather than the caecum as the main 
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fermentation site of dietary fiber (Roura et al., 2016). In addition, Pigs and humans 
have similar bile acid profiles (Mi et al., 2016). Thus, pigs are good models to study 
the cholesterol-lowering effects of dietary pectin in terms of intestinal BAs transport. 
Pigs have enough blood volume and tissue to utilize for research purposes and the 
size of the pigs as well are good to use them as models for heat stress studies. Pigs are 
ideal models to further extend our understanding of heat stress in humans because 
they are possible to manipulate the heat conditions they experience and some of the 
physiological responses are fairly universal across species (Baumgard and Rhoads 
2013). The pigs are both relevant biomedical models (Prather et al. 2013) and 
important agricultural species, thus results will likely have important implications in 
both human health and pig production. 
6. Dietary fiber, heat stress, cholesterol and bile acids 
Dietary intervention and environmental stress are two important factors affecting 
human and animal models, in which dietary fiber and heat stress as important dietary 
components and major environmental factors, respectively, play an important role in 
the growth and metabolism in human and animals. Dietary fiber and heat stress can 
cause changes of cholesterol metabolism. However, it is not completely known how 
cholesterol homeostasis is regulated by dietary fiber and heat stress. In view of the 
close relationship between bile acid and cholesterol, we hypothesized that dietary fiber 
and heat stress could regulate cholesterol homeostasis through altering bile acids, bile 
acid synthesis, transport, and regulation in pigs. 
In this thesis, two separate contents are included. They are effects of dietary fiber 
(Chapter 3) or heat stress (Chapter 4 and 5) on cholesterol and bile acids metabolism 
in pigs, respectively.  
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1. Objectives and outline 
Cholesterol, as a vital component of the body, is, an essential component of most 
biological membranes and serves as precursors for bile acids (BAs), which control a 
range of physiological functions. A subtle balancing act between synthesis, absorption 
and excretion maintain whole body cholesterol metabolism. Dietary pectin is 
recommended to lower cholesterol by increasing excretion of fecal BAs. Yet, it is not 
fully understood how pectin interacts with intestinal BA transport in pigs. Heat stress 
increased serum cholesterol levels in pigs. However, it is not completely known how 
cholesterol homeostasis are regulated when nutrients and energy intake is severely 
reduced in heat-stressed pigs. Lipids play a very important role in regulation of heat 
stress response. Cholesterol as an important lipid component, plays a unique role 
among the many lipids in mammalian cells. Therefore, investigating effects of HS on 
cholesterol metabolism is an important step toward a better understanding of the role 
of different lipids in HS adaptation. 
It is well established that BAs as important component of cholesterol metabolism, 
are important in the physiological and pathophysiological processes of fat absorption, 
cholesterol secretion, and cholesterol gallstone formation. More recently, BAs 
signaling pathways by the FXR and TGR5 have been identified and well characterized 
as mediators of insulin resistance, lipid metabolism, and systemic metabolic processes. 
Furthermore, BA metabolism is codependent on the biological activities of the gut 
microbiota, and both bacterial and hepatic enzymes further modify BAs during 
enterohepatic circulation (Claus et al., 2008; Martin et al., 2007). Thus, the 
homeostasis of cholesterol and BAs is critical.  
In view of the close relationship between bile acid and cholesterol, we hypothesized 
that dietary fiber or heat stress could regulate cholesterol homeostasis through altering 
bile acids metabolism in pigs. In this thesis, pigs are used for two purposes: for pig 
production and as animal model for humans. 
The current thesis aimed to (1) profile the BAs and their transporters in the pigs and 
investigate the impact of pectin supplement on the intestinal BA transport and (2) 
investigate the effect of heat stress (short term and long term) on cholesterol and (3) 
BAs metabolism in pigs. 
2. Methods and technical route 
Exp.1: Pectin (95% basal diet + 5% pectin) 
 
Exp.2: Short term heat stress (3 d) 
 
Exp.3: long term heat stress (21 d)  
 
 
Figure 2-1: The contents of the three experiments during this thesis 




Figure 2-2: The technical route of the experiments performed during this thesis. 
To test this hypothesis, three experiments were performed. The design and outline 
of each experiment are represented in figures 2-1 and 2-2.  
Three experiments investigated how dietary fiber (Exp.1) and heat stress (including 
short term HS from Exp.2 and long term HS from Exp.3) affect cholesterol and bile 
acid metabolism in pigs. 
(1) Chapter 3 from Exp.1 focused on effects of dietary pectin on the profile and 
transport of intestinal BAs in pigs. In Chapter 3 (Exp.1 published in the Journal of 
Animal Science), twelve young pigs (11.05 ± 0.11kg) were randomly divided into two 
groups and fed corn-soybean meal diets with either 5% pectin or cornstarch for 72 
days. Growth performance, plasma lipid profiles, BAs profile and transport in 
different intestine sections were determined.  
(2) Chapter 4 from Exp.2 and 3 investigated dynamic changes of cholesterol 
metabolism in pigs exposed to heat stress. Dynamic changes in the cholesterol 
metabolism were investigated both in short term (Exp.2) and long term (Exp.3) heat 
stress. In short term HS, 24 Large White pigs (63.2 ± 9.5 kg) were randomly allocated 
to control (CON; kept at 23 °C and fed ad libitum), heat stressed (HS; kept at 33 °C 
and fed ad libitum) and pair-fed groups (PF; kept at 23 °C and fed the same amount 
as the HS group) for 3 d. Long term HS was a 21-d trial, and a total of 27 pigs (40.8 
± 2.7 kg) were used. The treatment setup was the same as short term HS. Performances, 
serum biochemistry, liver cholesterol composition and gene expression related to 
cholesterol metabolism in liver were determined in short term and long term HS.  
(3) Chapter 5 from Exp. 2 and 3 investigated the influence of short term (Exp. 2; 
5A) and long-term (Exp. 3; 5B) heat stress on BA metabolism in growing pigs. This 
chapter is the result of the same animal experiments 2 and 3 as for Chapter 4. However, 
this chapter focusses on bile acids metabolism. Bile acids composition of liver, serum 
and intestine (ileum and cecum), and gene expression related to BAs in liver and 
intestine from ileum and cecum, 16S rDNA sequencing in the ileal and cecal digesta 
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and the absolute quantification of Bacteroides, Clostridium, Enterococcus and 
Lactobacillus were determined. 
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Effects of dietary pectin on the profile 




The aim of this chapter was to (1) profile the bile acids and their transporters in pigs 
and (2) investigate the impact of pectin supplement on the intestinal BA transport. 
This chapter is adapted from the published article: 
Fang, W., L. Zhang, Q. Meng, W. Wu, Y. K. Lee, J. Xie, and H. Zhang. 2018. Effects 
of dietary pectin on the profile and transport of intestinal bile acids in young pigs. 
Journal of animal science. 2018 (96):4743–4754. https://doi: 10.1093/jas/sky327.
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Abstract: Pectin has been known to lower circulating cholesterol by interacting 
with bile acid (BA) metabolism. The current study aimed to investigate intestinal BA 
transport at the molecular level in a pig model. Twelve young pigs (11.05 ± 0.11kg) 
were randomly divided into two groups and fed corn-soybean meal diets with either 
5% pectin (PEC) or cornstarch for 72 days. In pigs fed with pectin, total cholesterol 
and LDL-C were lowered but HDL-C was increased (P < 0.05). Serum triglycerides 
tended to be lower in the PEC-fed animals (P = 0.093), while no change was noted in 
serum total bile acid. Along the length of the intestine, the size and composition of 
BA pools vary. The ratio of primary, secondary, taurine-conjugated and glycine-
conjugated BAs in the ileal pool was about 46:15:9:30, while it was 28:61:1:11 in the 
cecum and 22:65:3:9 in the colon (P < 0.05). In the feces, LCA and UDCA made up 
of over 97% of the total BA pool. Overall, the ileum had a greater expression of FXR 
and ASBT than the duodenum, jejunum, cecum and colon (P < 0.05), while OSTα/β 
gene expression peaked in the ileum and jejunum (P < 0.05). Expression of MRP2 
gradually decreased towards the end of the intestine (P < 0.05). Greater expression of 
TGR5 and MRP3 was found in the cecum and colon (P < 0.05). In pigs fed with 5% 
pectin, only cecal UDCA (P = 0.097) and HCA (P = 0.088) showed a decreasing 
tendency. But FXR, ASBT and MRP2 were up-regulated in the ileum and FXR, 
OSTα/β, MRP2 and MRP3 in the cecum of PEC-fed pigs (P < 0.05). Liver enzymes 
involved in BA biosynthesis (CYP7A1, CYP27A1, BACS and BAAT) were not 
affected by pectin consumption. In conclusion, the abundant distribution of BA 
transporters and the greater BA pool size suggests the ileum as the major site for 
intestinal BA re-absorption in pigs. In the ileum, pectin increased in-and-out BA 
transport across the apical membrane by increasing ASBT and MRP2; but it increased 
the overall BA transport in the cecum by increasing OSTα/β, and MRP3. 
Key words: Bile acid, FXR, transporter, ileum, cecum




Daily supplementation of soluble dietary fibers is highly recommended to lower the 
risks of metabolic syndromes and cardiovascular diseases. Specifically, pectin 
extracted from fruits can lower cholesterol by interacting with bile acid (BA) 
metabolism. In the liver, about 30-40% of cholesterol is catabolized into BAs. The 
biosynthesis of BAs involves the neutral or alternate pathways. Upon stimulatory 
effects of cholecystokinin, they are released from the gallbladder into the duodenum 
via the common bile duct. Through a combination of passive absorption in the 
proximal small intestine and active transport in the distal ileum, about 95% of BAs 
will be recycled to maintain the homeostasis of BA pools (Alrefai and Gill, 2007; 
Dawson et al., 2009; Dawson and Karpen, 2015). The fecal excretion of bile acids 
almost equal to the BAs synthesized in the liver. Therefore, increased excretion of 
BAs in the feces will promote the conversion from cholesterol to BAs and 
consequently reduce its release into the systemic circulation. Many studies have 
demonstrated that fecal BA excretion is increased by pectin consumption (Matheson 
and Story, 1994; Matheson et al., 1995; Ghaffarzadegan et al., 2016; Zhu et al., 2017b). 
Yet it is not fully understood how pectin interacts with intestinal BA transport. 
Bile acids are amphiphilic molecules and their entering and exiting cells need 
transporters. Several BA transporters have been found in the intestine (Dawson et al., 
2009; Dawson and Karpen, 2015). On the apical membrane, ASBT imports luminal 
BAs (mainly taurocholates) to the enterocytes. In the cell, BAs are shuttled by 
cytosolic binding protein FABP6 to the basolateral membrane and then exported via 
the OSTα/β and MRP3. Bile acid transporters are heterogeneously expressed along 
the length of the intestine of human and mice (Dawson et al., 2005; Landrier et al., 
2006). Expression of ASBT and FABP6 are highly abundant in the ileum, which well 
supports the fact that ileum is the major site for BA recycling. Alteration in intestinal 
BA transport is closely related to expressional changes in BA transporters. Gao et al. 
(2017) showed aged mice have less ASBT as well as taurocholate transport in the 
ileum. Zhu et al. (2017b) found consumption of modified pectin downregulate FABP6 
and OSTα and β to inhibit absorption of BAs in the ileum. 
Most of the studies used the murine model to investigate the interaction of dietary 
fiber and BA metabolism. In mice, over 95% of biliary BAs are conjugated with 
taurine. In contrast, biliary BAs of human are more abundant in glycine-conjugated 
BAs (Dawson et al., 2009; Si et al., 2014). The compositional difference may result 
in great differences in BA transport kinetics between mice and human because the 
conjugation of BA greatly affects the hydrophobicity of the molecule and the affinity 
to transporters (Aldini et al., 1996). The pig shares similarity anatomy in the 
gastrointestinal tract as the human. In addition, it was also shown to have greater 
glycocholates than taurocholates in the biliary BAs (Si et al., 2014; Mi et al., 2016). 
Therefore, the pig can serve as a better medical model to characterize the effects of 
dietary pectin on BA transport. However, the knowledge on intestinal BA transporters 
and composition is rare in pigs. The current study aimed to (1) profile the BAs and 
their transporters in the pigs and (2) investigate the impact of pectin supplement on 
the intestinal BA transport. 




2. Materials and methods 
2. 1. Animals and sample collection 
Male Duroc × Large White crossbred piglets with an average body weight of 11.05 
± 0.11kg were randomly divided into two groups of six animals each and allowed to 
adapt for one week before the start of the 72-day experiment. Each group of piglets 
was fed with corn-soybean meal diets containing 5% apple pectin (PEC, purchased 
from Yuzhong Biotech Corporation, Henan, China) or cornstarch (purchased from 
Yufeng Cornstarch and Sugar Company, Hebei, China) as the control (CON). The 
diets (Table 3-1) had been formulated to meet the nutritional requirements suggested 
by NRC (Council, 2012a) for pigs within this weight range. 
Table 3-1. The composition of experimental diet 
 D1-30   D31-72 
Ingredient, % CON PEC  Ingredient, %  CON PEC 
Corn 40.41 40.41  Corn 58.32 58.32 
Extruded soybean 6.00 6.00  Soybean meal 28.47 28.47 
Soybean meal 19.80 19.80  Soybean oil 4.81 4.81 
Fish meal 5.00 5.00  Calcium phosphate 1.37 1.37 
Whey powder 14.80 14.80  Limestone 0.68 0.68 
Soybean oil 1.15 1.15  Sodium chloride 0.30 0.30 
Calcium phosphate 0.50 0.50  L-lysine 0.05 0.05 
Limestone 1.03 1.03  Premixb 1.00 1.00 
Sodium chloride 0.5 0.5  Cornstarch 5.00 - 
    Pectin - 5.00 
DL-Methionine 0.10 0.10     
L-lysine 0.40 0.40     
L-Threonine 0.11 0.11     
Sucrose 2.50 2.50     
Glucose 2.50 2.50     
Premixa 0.20 0.20     
Cornstarch 5.00 -     
Pectin - 5.00     
a,b Vitamin and mineral premixes were obtained from Yinong Forage Ltd and supplied per 
kg of diet as-fed: Mn (MnSO4.H2O), 25.0 mg; Zn (ZnSO4), 100.0 mg; Cu (CuSO4.5H2O), 50.0 
mg; Se (Na2SeO3), 0.15 mg; Fe (FeSO4), 80.0 mg; I (KI), 0.5 mg; choline, 600.0 mg; vitamin 
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A (all-trans retinyl acetate), 2.84 mg; vitamin D3, 0.22 mg; α-tocopherol, 40 mg; phylloquinone, 
2.0 mg; thiamin, 1.0 mg; riboflavin, 5.0 mg; nicotinic acid, 15.0 mg; pantothenic acid, 15.0 
mg; pyridoxine, 2.0 mg; vitamin B12, 0.025 mg; folic acid, 2 mg; biotin, 0.2 mg. 
The piglets were fed twice each day, at 8:30 and 15:30, with an amount of feed that 
provided the 1.13-fold digestible energy required for the normal growth. The amount 
of food provided was adjusted every week. Water was provided ad libitum. On Day 
72, blood samples were collected from the jugular vein before the morning meal, and 
animals were sacrificed 2 h after the meal. Digesta were collected from the ileum, 
cecum and proximal colon and stored at -80 °C for later BA quantification. The 
mucosa of the duodenum, jejunum, ileum, cecum and proximal colon were scraped, 
snap-frozen and stored at -80 °C for mRNA measurements. Liver samples were also 
harvested to quantify gene expression involved in BA biosynthesis. Fresh faces were 
sampled on the previous day before scarification. All procedures had been approved 
by the Committee of Animal Welfare in the Institute of Animal Sciences, Chinese 
Academy of Agricultural Sciences, following the Guide for the Care and Use of 
Laboratory Animals. 
2. 2. Lipid profiles 
Serum TG, TC, HDL-C and LDL-C were measured at the fasting status by 
biochemical methods as previously described by Wu et al (Wu et al., 2016). Total bile 
acid was determined, using the interaction of NAD to produce NADH, which further 
oxidizes iodonitrotetrazolium chloride to produce red formazan. Commercial kits for 
TG, TC, HDL-C, LDL-C and TBA were purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). 
2. 3. Quantification of BAs by LC/MS 
2.3.1. Sample preparation 
Minor adjustments were made to bile acid quantification procedures described by 
Kakiyama et al. (2014). Lyophilized luminal contents or feces were suspended in 50 
mM cold sodium acetate buffer (pH 5.6) and then refluxed with ethanol for 1 h. After 
centrifugation at 20,000 x g for 15 min, the supernatant was diluted four times with 
water and applied to a Bond Elute C18 cartridge (500 mg/6 ml; Varian, Harbor City, 
CA). The cartridge was then washed with 20% ethanol, and BAs were eluted with 
methanol. After the solvent was removed under nitrogen gas, the residue was 
dissolved in 1 ml of methanol. Precipitated solids were removed by filtration through 
a 0.45 μm Millipore filter (Millex®-LG; Billerica, MA). All chemicals used were of 
HPLC grade purchased from Thermo Fisher. 
2.3.2. UPLC/MS 
Bile acids were quantified by a Waters Xevo TQ LC/MS mass spectrometer with an 
ESI source. A 10 μl aliquot of the filtrate was injected into the LC-ESI-MS/MS system. 
All chromatographic separations were performed with a ZORBAX Eclipse plus C18 
column (95 Å, 1.8 µm, 2.1 mm x 100 mm) from Agilent (Santa Clara, USA). The 
mobile phase was composed of two extremes, 5% acetonitrile and 0.1% formic acid 
(mobile phase A) and 95% acetonitrile and 0.1% formic acid (mobile phase B), in a 




gradient system at a total flow rate of 0.4 mL/min. The proportions of mobile phases 
A and B were gradually changed as follows: mobile phase A:B (9:1, v/v) from 0 to1 
min, mobile phase A:B (7:3, v/v) from 1 to 1.5 min, mobile phase A:B (2:3, v/v) from 
1.5 to 5.5 min, mobile phase A:B (9:1, v/v) from 5.5 to 7.0 min. The total run time 
was 7 min. To operate the LC-ESI-MS/MS, the spray voltage and vaporizer 
temperature were set at 2.91 kV and 500 °C, respectively. The gas flow was set at 550 
L/h. All chemicals used were of HPLC grade purchased from Thermo Fisher. 
2.3.3. Quantification by standard curves 
Standards for HCA and THCA were obtained from Steroloids, Inc. (Newport, USA) 
and other 14 bile acid standards were purchased from Sigma-Aldrich (Steinheim, 
Germany). The quantification of each BA was based upon the series dilutions of 
available standards and good linearities have been confirmed. 
2. 4. qPCR to measure the abundance of bile acid-related genes 
Total RNA was extracted from the mucosa of the five intestinal segments 
(duodenum, jejunum, ileum, cecum and proximal colon) and liver using Qiagen kits 
(RNeasy Mini Kit, Cat # 74104). The integrity of RNA was checked by 
electrophoresis before reverse transcription. cDNA was transcribed using a kit 
(PrimeScriptTM RT reagent kit with gDNA Eraser, Cat# RRO47A, China) containing 
genomic DNA wipeout buffer to eliminate potential contamination. ASBT, MRP2, 
MRP3, OSTα, OSTβ, FXR, TGR5, FABP6 and FGF19 were quantified in the intestine, 
and FXR, TGR5, SHP, FGFR4, KLβ, CYP7A1, CYP27A1, BACS and BAAT were 
quantified in the liver. The efficacy of each pair of primers (Table 3-2) was validated 
within 90-110%. Real-time PCR was run with kits from Takara (SYBR®Premix Ex 
Taq™, Tli RNaseH Plus, Cat #RR420A, China) using the SYBR green method. The 
single product of each PCR was verified by a dissociation curve. Beta-actin and 
GAPDH were used as reference genes and the geometric mean was employed in the 
normalization. The relative abundance of each gene was determined using the 2-ΔΔCt 
method. The control group and the duodenum were used to normalize the different 
treatment groups and various intestinal sections, respectively. 
Table 3-2. Primes for investigated genes related to BA transport, receptors, signaling and 
biosynthesis 
 Gene Accession No. Primer sequences (5’-3’) 
BA 
transport 
ASBT NM_001244463.1 F: TGGATCTGAGCATCAGCATGAC 
  R: GGCACAGCGGCATCATTC 
OSTα NM_001244266.1 F: TGTACAAGAACACTCGCTGC 
  R: GAACACACACACTATCGTGGG 
MRP2 DQ530510.1 F: GAACAGGTTTGCTGGCGATATT 
  R: GCCAGGAGCGCAAAGACA 
MRP3 XM_003131575.5 F: 
TGGACAAAGGGACAATAGCTGAGT 
  R: TGGCCATCCCGTAGAAGATG 
 FABP6 NM_214215.2 F: GTGAACAGCCCCAACTACCA 
   R: CCACTAGCTCATGCCAGCTT 





FXR NM_001287412.1 F: 
TATGAACTCAGGCGAATGCCTGCT 
   R: 
ATCCAGATGCTCTGTCTCCGCAAA 
 TGR5 XM_013984487.1 F: TGCTGTCCCTCATCTCATTGG 
   R: TGTGTAGCGATGATCACCCAG 
BA 
signaling 
FGF19 XM_003122420.3 F: AAGATGCAAGGGCAGACTCA 
   R: AGATGGTGTTTCTTGGACCAGT 
 SHP AH014861.3 F: GCCTACCTGAAAGGGACCAT 
   R: CAACGGGTGTCAAGCCTTTA 
 FGFR4 XM_003123682.5 F: GCTCAGAGGTGGAGGTCCTA 
   R: GCCTGCCAGACAGGTGTATT 
 KLβ XM_003482367.4 F: GCACCGAGTGGAAGGAGT 
   R: TTGCCAGTAGGAAGGATTG 
BA 
biosynthesis 
CYP7A1 NM_001005352.3 F: GAAAGAGAGACCACATCTCGG  
  R: GAATGGTGTTGGCTTGCGAT 
CYP27A1 NM_001243304.1 F: ACTGAAGACCGCGATGAAAC 
  R: CAAAGGCGAATCAGGAAGGG 
BAAT XM_021066831.1 F: GGCTGATGATCCGAGAAGGG 
  R: ATGCCCCCAAACAAGTCGAT 
BACS XM_005658625.1 F: CTGGCTCCCTGCCTATGCT 
  R: GAACGTGCTTGTGGTCTCCAA 
2. 5. Statistical analyses 
All statistics were derived using JMP10.0 (SAS Institute, Inc., Cary, NC). Each 
animal was considered as an experimental unit. The appropriate sample size of six 
animals per group was estimated using total plasma cholesterol as the primary 
outcome and assuming an average difference of 22% (effect size) and an equal SD of 
12% to yield a statistical power of 0.8 for an α error of 0.05, according to our previous 
experiment that evaluated the effect of dietary fiber supplementation on plasma lipid 
profile and metabolomics (Wu et al., 2016). Student’s t-test was used to determine the 
treatment effects on growth performance, plasma lipid profiles, BA compositions and 
gene expression in a specific section of intestine. One-way ANOVA was employed to 
determine section effects, and posthoc Fisher LSD was used to compare the 
differences among the five investigated intestinal sections. Equality of group was 
tested by the Levene test, and data were subjected to logistic transformation if the test 
was significant. All data were expressed as mean ± SEM. Statistical significance was 
considered when P < 0.05. A tendency to differ was claimed when 0.05 < P < 0.1 and 
power analyses were conducted to verify the least significant number with JMP. 
3. Results 
3. 1. Growth performance and plasma lipid profiles 
Growth performance was not affected by the inclusion of 5% pectin in the 
conventional corn-soybean meal diet over the 72-day trial period (Table 3-3). In PEC-
fed pigs, plasma TC (P = 0.029), LDL-C (P = 0.035) and TG (P = 0.093) were found 
to be less, while plasma HDL-C was greater by 30% than for the controls (Figure 3-
1A and C). Therefore, the ratio of LDL-C/HDL-C was significantly lowered in the 




PEC group (Figure 3-1B, P = 0.038). Serum TBA was not statistically different 
between pectin-fed animals and controls (Figure 3-1D). 
Table 3-3. Growth performance of pigs fed with 5% pectin for 72 days 
 
CON PEC P value 
Body weight (D0), kg 11.38±0.22 10.99±0.14 0.242 
Body weight (D72), kg 64.60±3.04 57.9±1.47 0.259 
Average daily feed intake, g 1331±70.7 1419±7.19 0.352 
 
 
Figure 3-1. Effects of 5% pectin inclusion on fasting cholesterol (A, B), triglycerides (C) and 
total bile acids (D) in the plasma of young pigs fed with corn-soybean meal (n = 6). * indicates 
the significant difference between pigs on the pectin and control diets.
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3. 2. Alterations in BA profiles after pectin consumption  
Bile acid composition exhibited great variations among different intestinal sections 
and feces. In the ileum, CDCA, UDCA+HDCA, HCA, GCDCA and GUDCA were 
the most abundant BAs, making up 72.7% of the BA pool, when LCA, CDCA, 
UDCA+HDCA and HCA made up 88.5% and 87.5% of the cecal and colonic BAs 
(Figure 11). The ration of primary, secondary, taurine-conjugated and glycine-
conjugated BAs in the ileal pool was about 46:15:9:30, while it was 28:61:1:11 in the 
cecum and 22:65:3:9 in the colon. All four BA categories significantly differed 
between the ileal pool and the cecal and colonic pools (P < 0.001). In the feces, the 
major BAs were LCA and UDCA+HDCA, making up 96.79% of total BAs. 
In the ileum (Figure 3-2A), colon (Figure 3-2C) and feces (Figure 3-2D), there was 
no significant differences in each BA between PEC-fed pigs and controls. In the 
cecum (Figure 3-2B), pigs of the PEC group tended to have less UDCA+HDCA (P = 
0.097) and HCA (P = 0.088). Since these two BAs were abundant in the cecal pool, 
the total (P = 0.091), primary (P = 0.082) and secondary (P = 0.097) all tended to be 
less in the PEC-fed pigs than controls. Power analyses showed the significance of 
PEC supplement could be revealed when the sample size reaches 7 animals per group. 





Figure 3-2. Compositions of bile acid pools in the ileum (A), cecum (B), colon (C) and feces 
(D) of young pigs fed with 5% pectin (n = 6). 
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3. 3. Distribution of BA-related genes in the intestine 
FXR and TGR5 are different BA receptors located in the nuclei and on the 
membrane, respectively. Along the length of the intestine, FXR was highly expressed 
in the ileum, followed by the jejunum, duodenum, and then the cecum and colon (P < 
0.001, Figure 3-3). In contrast, greater expression of TGR5 is noted in the cecum and 
colon than the small intestinal sections (P < 0.01, Figure 3-2). In addition to FXR, the 
ileal section also possesses exclusive distribution of FGF19 and greatest expression 
of FABP6 (P < 0.001) and ASBT (P < 0.001). The exporter complex on the basolateral 
membrane, OSTα and OSTβ, was greatly expressed in the ileum and jejunum than 
other intestinal sections (P < 0.001). MRP2, the exporter on the apical membrane, 
gradually reduced from the proximal small intestine to the large intestine (P < 0.001), 
while MRP3, the other basolateral exporter, was more abundant in the cecum and the 
colon than duodenum, jejunum and ileum (P < 0.001). 
 
 
Figure 3-3. Spatial distributions of bile acid receptors and transporters along the intestinal 
tract (n = 12). Different letters indicate significant differences in each gene abundance among 
intestinal sections. 
3. 4. Changes in BA-related genes in different intestinal sections after pectin 
consumption 
In the ileum (Figure 3-4A), the magnitude of expression of the nuclear receptor, 
FXR, was about 250% greater in the PEC-fed pigs than the controls (P = 0.019), while 
site-specific expression of FGF19 was lowered by 90% (P = 0.006). Expression of the 
apical bile acid transporters, ASBT (P = 0.027) and MRP2 (P = 0.019), increased by 
400% and 500%, respectively, but transporters (OSTα, OSTβ, MRP3) on the 
basolateral membrane were not affected. In the cecum (Figure 3-4B), FXR was about 
5 times greater in PEC-fed pigs than controls (P < 0.001). Efflux receptors for BAs, 
OSTα (P = 0.025), OSTβ (P = 0.074), MRP3 (P = 0.015) on the basolateral membrane 
and MRP2 (P = 0.005) on the apical membrane were also upregulated in this section. 
In the colon (Figure 3-4C), expression of ASBT (P = 0.036) was less, and OSTβ (P = 
0.085) tended to be greater in the PEC-fed pigs than those in the controls. 





Figure 3-4. Bile acid receptors and transporters in the ileum (A), cecum (B), colon (C) of 
young pigs fed with 5% pectin (n = 6). * indicates the significant group difference.
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3. 5. Hepatic biosynthesis of BAs after pectin consumption 
In the liver, Expression of critical enzymes involved in biosynthesis (CYP7A1, 
CYP27A1) and conjugation (BACS and BAAT) also remained unaffected in the PEC-
fed pigs (Figure 3-5). No difference has been noted in liver FXR, TGR5, SHP, FGFR4 
and KLβ either. 
 
 
Figure 3-5. Hepatic expression of bile acid-related genes in young pigs fed with pectin or 
control diets (n = 6). 
4. Discussion 
In the current study, serum cholesterol and triglyceride were lowered by 25% when 
pigs were put on a conventional corn-soybean meal diet supplemented with 5% pectin. 
This finding suggested pectin supplementation can also benefit cholesterol 
metabolism with normal diets. Pectin consumption resulted in minor alterations in the 
BA composition and up-regulation of intestinal BA transporters and receptors. 
Unexpectedly, genes encoding the critical enzymes for liver BA biosynthesis were not 
affected by pectin inclusion at the transcriptional level. 
To investigate BA transport, BA profiling is an important step. Each BA molecule 
has different hydrophobicity, which is one of the determinant factors for transporter 
affinity and transport kinetics (Aldini et al., 1996). Characterization of BAs can be 
very challenging due to the structural similarity of different BA. Taking advantage of 
chromatography and mass-spectrometry technique, we were able to quantify 10 bile 
acids in the digesta and feces with the solid phase extraction and LC-MS/MS method. 
Consistent with the composition of biliary BAs (Si et al., 2014; Mi et al., 2016), 
glycocholates were also found to be the major conjugation form of intestinal BAs. It 
provides additional evidence to show the similarity in the BA composition between to 
the pig and the human. It was shown BA composition varies greatly in each intestinal 
segment. Secondary and unconjugated BAs occupied a greater portion in the cecum 
and colon than that in the ileum, while primary BA had a reverse pattern. Commensal 
microbiota in the large intestine, harboring bile salt hydrolase (BSH) and bile acid-
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inducible genes, actively participate in the processes of deconjugation and 
dehydroxylation of BAs (Wahlström et al., 2016; Zhang et al., 2018). Pectin, as a 
probiotic, can promote the growth of Prevotella and Dialister in the cecum of pigs 
(Tian et al., 2017) and Prevotellaceae in the large intestine was associated with 
increased secondary BA and decreased primary and conjugated BAs (Zhang et al., 
2018). In line with its probiotic effect, HCA and UDCA+HDCA tended to be 
decreased by pectin consumption in the cecum. Therefore, microbial activities could 
be an important route for pectin to interfere with the BA metabolism in the large 
intestine. Furthermore, in the same intestinal section, basolateral BA exporters, 
OSTα/β and MRP3 were also upregulated, reflecting an increase in overall BA 
transport. It is not clear about the biological consequences followed by the increased 
BA transport in the cecum. It may also contribute to fecal excretion of BAs. Or it could 
interfere with secretion of glucagon-like protein 1 (GLP-1) in the cecum. It has been 
known that BAs can stimulate GLP-1 via TGR5 in the lower intestine (Katsuma et al., 
2005; Brighton et al., 2015). This peptide is one of powerful regulators for obesity 
development (Holst, 2007; Greiner and Backhed, 2016) and thus pectin would 
interfere with lipid metabolism via GLP-1. 
The ileum has been confirmed as the major site of BA recycling in human and mice. 
The ileum has been shown to have abundant expression of ASBT and FABP6 as well 
as FGF19/FGF15 (Alrefai and Gill, 2007; Dawson et al., 2009; Dawson and Karpen, 
2015). Besides recycling BAs, the ileum can also regulate liver BA synthesis via 
FGF19/FGF15 (Dawson et al., 2005; Landrier et al., 2006). In pigs, we found the 
greatest expression of ASBT, FXR, FABP6 and FGF19 in the ileum. Along with the 
greatest size of the BA pool, the ileum of pigs is also the major site for BA recycling. 
Gunness and his co-workers also showed the largest BA pool at 3/4 of the small 
intestine, which is approximately the junction of jejunum and ileum (Gunness et al., 
2016a; Gunness et al., 2016b). We found OSTα/β was comparable in the jejunum to 
the ileum. Therefore, the jejunum maybe a secondary region for BA recycling in pigs. 
Pectin consumption did not affect ileal BA composition, but upregulated apical 
transporters ASBT and MRP2 by 3.8- and 5-fold, respectively. Apical sodium-coupled 
bile acid transporter is the major transporter to import BAs into the cell and hence its 
upregulation strongly suggests an increased import of BAs in the ileum. However, the 
concurrent up-regulation of MRP2, an exporter on the apical membrane, can 
significantly reduce the net transport of BAs. Thus, the cytosolic and basolateral 
transporters (FABP6, OSTα/β and MRP3) remained unaltered when ASBT was 
increased by pectin consumption. 
Bile acid transporters need to be highly coordinated. Knowledge is growing and 
FXR is considered as the core of the regulatory network. First of all, FXR is a sensor 
of changes in BAs as it has a ligand binding domain for BA binding (Tu et al., 2000; 
Modica et al., 2010). Secondly, by interacting with FXR response element FXR can 
transcriptionally regulate a wide range of genes related to BA transport and 
biosynthesis, including OSTα/β (Landrier et al., 2006), FGF19 (Miyata et al., 2014), 
CYP7A1 (Goodwin et al., 2000; Lu et al., 2000), BACS and BAAT (Pircher et al., 
2003). We found that FXR was also increased in the ileum and cecum when BA 
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transporters were upregulated by pectin consumption. Pectin is likely to increase BA 
influx to induce FXR and consequently trigger the transcription of BA transporters. 
Unlike other BA transporters, the activation of ASBT gene transcription is 
independent of FXR (Duane et al., 2007). It has been reported FXR can indirectly 
inhibit ASBT expression via the SHP-RAR pathway (Neimark et al., 2004; Zhu et al., 
2017a). FGF19 is a stimulator for SHP (Sinha et al., 2008). The downregulated FGF19 
in the ileum may decrease the production of SHP locally and thereby increase the 
ASBT expression in the ileum after pectin consumption. 
In the current study, we fully characterized the composition of intestinal BAs and 
the distribution of BA receptors and transporters along the length of the swine intestine. 
The pig shared many similarities in the BA composition and BA transporters with the 
human, suggesting it is a good biomedical model in BA related research. Pectin can 
interact with intestinal BA metabolism and transport in a site-specific manner. In the 
ileum, the major site to recycle BA, pectin increased in-and-out transport of BA just 
across the apical membrane by upregulating ASBT and MRP2; while in the cecum it 
increased the total BA transport across the epithelium by increasing OSTα/β and 
MRP3 (Figure 3-6). 
 
Figure 3-6. Illustration of intestinal bile acid transport after pectin consumption. In the ileum, 
pectin upregulates importer ASBT and exporter MRP2 on the apical membrane, which 
enhances in-and-out bile acid transport just across the apical membrane without affecting the 
cytosolic and basolateral transport of bile acids. In the cecum, pectin upregulates OSTα/β, 
MRP3 and MRP2 to enhance the efflux of bile acids across the epithelial cells. Dots in blue, 
red, green and yellow represent the primary, secondary, taurine-conjugated and glycine-
conjugated bile acids, respectively. 
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In this chapter, the aim is to investigate how heat stress (short term and long term) affects 
cholesterol metabolism. 
This chapter is a part of a manuscript that is currently under review. 
Xiaobin Wen, Weida Wu, Wei Fang, Shanlong Tang, Hairui Xin, Jingjing Xie, Hongfu 
Zhang. Effects of long-term heat exposure on cholesterol metabolism and immune 
responses in growing pigs. Livestock Science. 
Fang Wei's contribution to this research: She conceived, designed and performed the 
experiments, analyzed the data and wrote this chapter. 
In the submitted article “Effects of long-term heat exposure on cholesterol metabolism 
and immune responses in growing pigs”, I, as a co-author, completed the part on the 
cholesterol metabolism. My colleagues, Xiaobin Wen and Weida Wu, were responsible 
for the part on the immune responses. Although I am not the first author, I did all the 




Abstract: Heat stress can influence a wide range of physiological activities. It is 
reported that metabolism can be altered in heat-stressed animals in a way distinct from 
animals experiencing the same level of feed restriction in a thermoneutral 
environment. Two experiments were conducted to investigate metabolic adaptations 
in growing pigs subjected to an environmental temperature 10 °C above the optimal 
temperature and 55% relative humidity (RH). In Experiment 1, 24 Large White pigs 
(63.2 ± 9.5 kg) were randomly allocated to the control (CON, n = 8; kept at 23 °C and 
fed ad libitum), heat-stressed (HS, n = 8; kept at 23 °C and fed ad libitum) and pair-
fed groups (PF, n = 8; kept at 23 °C and fed the same amount as the HS group) for 3 
d. Experiment 2 used 27 pigs (40.8 ± 2.7 kg). It adopted the same setup as Experiment 
1 (n = 9 pigs/treatment), but the treatment of Experiment 2 lasted for 21 d. When pigs 
were kept at 33 °C, respiratory rate and rectal temperature greatly increased (P < 0.05) 
whereas feed intake and weight gain were greatly reduced (P < 0.05) at each sampling 
time point in both experiments. In Experiment 1, serum total cholesterol (TC), low-
density lipoprotein-cholesterol (LDL-C) and triglycerides (TG), increased (P < 0.05) 
and liver 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) was down-regulated 
on d3. On d3 of Experiment 2, increases in TC, LDL-C and TG were also noted. Over 
the course of Experiment 2, serum alkaline phosphatase (ALP) was reduced on d7, 14, 
and 21 (P < 0.050). On d21 of Experiment 2, expression of low-density lipoprotein 
receptor (LDLR, P = 0.018) and sterol regulatory element-binding protein (SREBP2, 
P = 0.003) was lower in the HS pigs than the CON pigs. Liver cholesterol level and 
expression of HMGCR (P = 0.024), LDLR (P = 0.003) and SREBP2 (P = 0.006) were 
less in the PF pigs than the CON pigs. As a whole, an environmental temperature 
10 °C above the optimal temperature with 55% RH had a great impact on cholesterol 
metabolism. This effect was not completely contributed by reduced feed intake during 
heat stress. 
Key words: cholesterol, growing pig, heat stress, expression




The pig is a homeotherm animal lacking enough sweat glands to regulate its body 
temperature. To cope with high temperatures, pigs accelerates respiration rates to 
maximize heat dissipation and reduce feeding and other activities to minimize heat 
production as well (Seibert et al., 2018). In farm animals, reduced feed intake 
associates with decreased growth performance. As in growing pigs, feed intake can be 
lowered as much as 40-50% when they were raised at 30-35 °C (National Research 
Council, 2012). This great reduction in feed intake can severely decrease growth 
performance and productivities in pigs during the summer season and therefore it has 
been considered as the major adverse effect of heat stress. 
Recent studies, however, demonstrated that a similar level of reduction in feed 
intake doesn’t lead to similar changes in lipid metabolism when pigs are kept in a 
hypothermal or in a thermoneutral environment (Baumgard and Rhoads, 2013). In the 
thermoneutral environment, when animals are fasted or restricted fed, fat is mobilized 
to compensate for inadequate energy uptake. In contrast, fat deposition is favored in 
heat-stressed pigs when feed intake drops 40-50% of the level they consumed in the 
thermoneutral environment (Pearce et al., 2013; Kellner et al., 2016). The increased 
fat deposition in heat-stressed animals is due to a combined effect of inhibited lipolysis 
(Pearce et al., 2013; Kellner et al., 2016) and increased triglycerides deposition in the 
adipocytes (Qu et al., 2016; Qu and Ajuwon, 2018). This difference in the metabolism 
of lipids suggests that unique metabolic adaptations occur in heat-stressed pigs which 
are independent from reduced feed intake (Pearce et al., 2013; Kellner et al., 2016). 
Lipids play a very important role in the regulation of heat stress response (Qu and 
Ajuwon, 2018). Cholesterol as an important lipid component, plays a unique role 
among the many lipids in mammalian cells (Maxfield and van Meer, 2010). Therefore, 
investigating effects of HS on cholesterol metabolism is an important step towards a 
better understanding of the role of different lipids in HS adaptation. The work from 
Pearce et al. (2013) showed that heat-stressed pigs tended to increase serum 
circulating cholesterol in growing pigs. However, until now, data regarding 
cholesterol metabolic status in heat stress pigs has not been completely available. 
Cholesterol homeostasis reflects a balance among de novo synthesis, uptake, and 
utilization to bile acids (Quintao et al., 1971; Morgan et al., 2016). Cholesterol 
synthesized in the liver from acetyl-CoA, and 3-hydroxy-3-methylglutaryl-CoA 
reductase (HMGCR) is the rate-limiting enzyme of the pathway. In addition, 
hepatocytes can also uptake serum cholesterol by a low-density lipoprotein receptor 
(LDLR) mediated endocytosis (Goldstein and Brown, 1976; Sudhof et al., 1985; Lusis 
et al., 1986). Additionally, the sterol response element binding protein (SREBP) 
transcription factors regulate cholesterol biosynthesis and uptake (Horton et al., 2002). 
Recent studies have found that the damaged intestinal barrier functions in heat-
stressed pigs can lead to alterations in insulin sensitivity (Yu et al., 2010; Pearce et al., 
2012) and the improvement in the lipid profile may be due to altered insulin activities 
that reduces lipolysis and increases the incorporation of fatty acids in the adipocytes 
(Baumgard and Rhoads, 2013; Sanz Fernandez et al.,2015; Ganesan et al., 2016; 
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Ganesan et al., 2017; Ganesan et al., 2018). Recently, we found that the insulin 
signaling pathway was not altered when growing pigs were exposed to 33 °C with 55 % 
relative humidity for 21 days, an environmental temperature 10 °C higher than the 
optimal temperature (Xin et al., 2018). It remains unknown whether this increment in 
environmental temperature can lead to any metabolic adaptation in those growing pigs. 
Therefore, the current study aimed to investigate the impacts on cholesterol 
metabolism and tissue damages during heat stress. Two experiments were carried to 
investigate dynamic changes in metabolism when growing pigs were raised in an 
environmental temperature 10 °C higher than the optimal temperature, for 3 or 21 
days. 
2. Materials and methods 
2. 1. Animals management 
Two animal experiments were conducted in the current study. Both experiments 
were conducted in controlled-environment chambers at the Animal Research Facility 
belonging to Institute of Animal Sciences, Chinese Academy of Agricultural Sciences 
(IAS-CAAS). All six chambers are exactly the same in size, design and utilities. 
Before each use, all chambers were calibrated with main environmental parameters, 
including temperature, humidity, wind velocity, light intensity, etc. All animal 
experimental protocols have been approved by the Animal Welfare Committee of 
IAS-CAAS. 
Experiment 1 adopted a complete block design which used the litter as the block. 
This experiment used 24 Large White barrows from 8 litters (3 pigs/litter), weighing 
63.2 ± 9.5 kg, distributed to 6 chambers (n = 4 pigs/chamber). Each pig from the same 
litter was randomly assigned to 1 of the 3 treatment groups, the control (CON), heat-
stressed (HS) and pair-fed (PF) groups. Before the start of the experiment, all pigs 
needed to adapt the chambers for 1-wk. During the adaptation period, all animals were 
allowed for free access to feed and water and a temperature of 23 °C and 55% relative 
humidity (RH). Feed was formulated (Table 4-1) according to nutritional requirements 
suggested by NRC (2012). When the experiment began, the chamber temperature was 
increased to 33 °C for the HS group, where it maintained 23 °C for the CON and HS 
groups. Over the 3-d experimental period, pigs from the CON and HS groups 
consumed feed ad libitum, while the PF pigs were given the same amount of feed 
consumed by the HS pigs on the previous day. Therefore, before each morning meal, 
remaining feed was weighed to calculate feed intake of each animal. At 12, 36 and 60 
h of experiment, respiration rate was recorded and rectal temperature was taken at 24, 
48, 72 h. Blood samples were withdrawn from the jugular vein before pigs were 
sacrificed using electrical shock after 72 h. Liver samples were quickly collected and 
snap-frozen in liquid nitrogen. 
Experiment 2 also adopted a complete randomized block design and the litter was 
used to block the experiment. Twenty-seven male Large White pigs from 9 litters (3 
pigs/litter, weighing 40.8 ± 2.7 kg) were randomly assigned to the CON, HS and PF 
groups. The heat exposure setup and pair-feeding strategy were the same as in 
Experiment 1. The experiment 2 was executed over 3 consecutive periods and 9 pigs 
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from 3 litters were assigned into 1 of the 3 groups per period. On d3, 7, 14 and 21 of 
Experiment 2, rectal temperature was measured and blood samples were collected 
before the morning meal, and respiration rate was recorded at noon. Body weight was 
taken weekly. At the end of the experiment, pigs were electrically shocked to death 
and liver samples were collected, stored at -80 °C for further analyses. 
Table 4-1. The composition and nutrient levels of diet for growing pigs (air-dry basis) 
Item Value, % 
Corn 62.55 
Soybean meal 27.00 
Wheat bran 5.00 





Vitamin and mineral premix1 1.00 
Nutrients  





1 Premix provided the following per kg of diets: vitamin A 8250 IU, vitamin D3 825 IU, 
vitamin E 80 IU, vitamin K 4.25mg, vitamin B1 1.02 mg, vitamin B2 5.20 mg, vitamin B6 
2.04 mg, vitamin B12 2.5mg, biotin 0.2 mg, pantothenic acid 15.3 mg, nicotinic acid 35.7 mg, 
folic acid 2 mg, Fe (FeSO4) 266 mg, Cu (CuSO4) 200 mg, Zn (ZnSO4) 285 mg, Mn (MnSO4)78 
mg, I (KI) 0.8 mg, Se (Na2SeO3) 0.3 mg, choline chloride 600 mg. 
2. 2. Serum biochemistry 
Serum was separated by centrifugation at 850 × g for 15 min at 4 °C, aliquoted and 
stored at -80 °C. All serum biochemistry was analyzed using a Hitachi-7080 
Chemistry Analyzer and manufacturer’s kits (Tokyo, Japan) and commercial kits from 
Maccura (Chengdu, China). Serum total protein (TP, Cat # CH0101151), and activities 
of alanine aminotransferase (ALT, Cat # CH010120), aspartate aminotransferase (AST, 
Cat # CH0101202), and lactate dehydrogenase (LDH, Cat # CH0101208) were 
quantified to monitor tissue damages in Experiment 1. In addition to the 
aforementioned index, serum blood urea nitrogen (BUN, Cat 131 # CH0101051) and 
activity of alkaline phosphatase (ALP, Cat # CH0101203) were also analyzed in 
Experiment 2. Serum total cholesterol (TC, Cat # CH0101152), total glycerides (TG, 
Cat # CH0101151), high-density lipoprotein coupled cholesterol (HDL-C, Cat # 
CH0101161) and low-density lipoprotein coupled cholesterol (LDL-C, Cat # 
CH0101162) were also profiled in Experiment 1 and 2. 
2. 3. Liver cholesterol compositions 
Liver tissues were weighed and homogenized in 9 volumes of physiological saline 
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solution. Supernatants were collected after a centrifugation at 850 × g for 10 min at 
4 °C. Total cholesterol (Cat # A111-1), HDL-C (Cat # A112-1), LDL-C (Cat # A113-
1) and TG (Cat # A110-1) in the supernatant was determined by spectrometric 
methods using kits provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). 
2. 4. qPCR to quantify gene expression in the liver 
Gene expression of 3-hydroxy-3-methylglutaryl-CoA (HMGCR), low-density 
lipoprotein receptor (LDLR) and sterol regulatory element-binding protein (SREBP2) 
was quantified in the liver by qPCR. Total RNA was extracted from liver homogenates 
using RNeasy Micro Kit (Qiagen GmbH, Hilden, Germany). RNA concentrations 
were quantified by the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA), and the quality was confirmed with agarose gel electrophoresis. Using 
the Prime Script TM RT reagent Kit With gDNA Eraser (Takara Bio Inc., Shiga), 1 μg 
of total RNA was reverse transcribed into cDNA. qPCR follows the general protocol 
suggested by SYBR® Premix Ex TaqTM kit (Takara Bio Inc., Shiga). Single product 
of each gene was confirmed by uniformed single peak in melting curves. The 
amplification efficiency of each primer set (Table 4-2) was confirmed to be within the 
range of 90-110%. Beta-actin was used as the reference gene. Gene expression 
changes in the HS and PF groups were calculated relative to those in the CON group 
using the 2-ΔΔCt method. 
 
Table 4-2. List of primer sets for cholesterol biosynthesis 
2. 5. Statistical analyses 
In the current study, each individually-penned pig was considered as the 
experimental unit and the litter was considered as the block effect. All statistical 
Gene Accession # Primers, 5’-3’ Product, 
bp 
  R: 
GGACATTCTCTCTGGCATCG 
 
HMGCR DQ432054.1 F: 
GGAGGAGGAGGCCAGGATAA 
94 
  R: 
CACAAACGTGGGTCTGCTTG 
 
LDLR AF065990.1 F: ACTGCTCATCCTCCTCTT 109 
  R: TTCCGTGGTCTTCTGGTA  
SREBP2 XM_021091444.1 F: 
GCTTCTCCCCCTACTCCATC 
151 
  R: 
GAGAGGCAGAGGAAGGTGAG 
 
β-actin XM_003357928.4 F: 
GCGTAGCATTTGCTGCATGA 
252 
  R: 
GCGTGTGTGTAACTAGGGGT 
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analyses were conducted using JMP 10.0 (SAS, Cary, NC) and all figures were 
produced using Prism 7 (GraphPad, San Diego, CA). In Experiment 1, data on rectal 
temperature and respiration rate at each sampling time point were considered as 
repeated measurements and multivariant analysis of variance (MANOVA) in JMP 
10.0 was used to determine between-subject effects of treatment and block and within-
subjects effects of time and treatment × time. When the treatment × time effect was 
significant, data at each time point were subjected to univariant analysis of variance 
(ANOVA) to determine the main effect of treatment and the block effect using JMP. 
Main effect of treatment and the block effect on serum biochemistry, liver lipids and 
gene expression were also analyzed with univariant ANOVA. In Experiment 2, the 
covariance effect of D0 was first analyzed and was dropped in the final analyses due 
to the insignificance. Data on rectal temperature, respiration rate, serum biochemicals 
at each sampling time point were considered as repeat measurements and were 
subjected to MANOVA analysis, while data on liver lipids and gene expression were 
subjected to univariate ANOVA as abovementioned. All data were expressed as Mean 
± SEM. Statistical significance was considered when P < 0.05 and tendency was 
considered when 0.05 < P < 0.1. 
3. Results  
3. 1. Pig performances after heat exposure 
In Experiment 1, mean rectal temperature (Figure 4-1A) and respiratory rate (Figure 
4-1B) were greater in the HS pigs (P < 0.050). At 12 h, rectal temperature rose to 
40.85 °C and respiratory rate rose to 138 breaths per minute (bpm) in the HS pigs. 
Then, rectal temperature dropped to 40.63°C at 36 h and 40.13 °C at 60 h, and 
respiratory rate slowed down to 97 bpm at 36 h and 90 bpm at 60 h. At the end of 
experiment, the rectal temperature of the PF group was less than the CON pigs (P < 
0.010) but there was no difference in respiratory rate. Over the course of 3 d, the CON 
group consumed 2487.8 g/d of feed on average, which was greater than 1092.8 g/d for 
HS group and 1364.5 g/d for the PF group (P < 0.010). Meanwhile, the CON pigs on 
average gained 961.1 g/d of weight, and the PF pigs gained 161.9 g/d of weight, and 
the HS pigs lost 233.3 g/d of weight. 
In Experiment 2, mean rectal temperature of 40-kg pigs was 39.39 °C and 
respiratory rate was 24 bpm before the start of the experiment. In compared to d0, 
rectal temperature of the HS group was increased by 0.88, 0.72 and 0.87 °C at d 7, 14 
and 21 (P < 0.010, Figure 4-1C), and respiratory rate was increased by 205, 240 and 
280%, respectively (P < 0.010, Figure 4-1D). The PF pigs maintained the same 
respiratory rate as d0 but rectal temperature was decreased by 0.33, 0.28 and 0.4 °C 
on d7, 14, and 21, respectively (P < 0.050, Figure 4-1D). Over the course of 21 d, the 
ADFI of the HS group was reduced by 55.1% and the ADG was reduced by 37.7% (P 
< 0.010, Figure 4-1E and F). 




Figure 4-1. Growth performance, rectal temperature, and respiratory rate for 60-kg pigs 
exposed to 33 °C for 3 days (Experiment 1, A, B) and for 40-kg pigs exposed to 33 °C for 21 
days (Experiment 2, C to F). All data are expressed as mean ± SEM and effects are considered 
significant at P < 0.05. In Experiment 1, * Significant difference in comparison to the CON 
group; # Significant difference in comparison to the HS group. In Experiment 2, a–c Different 
letters show significant treatment effects. CON = controls kept at 23 °C and fed ad libitum; 
HS = heat stressed group kept at 33 °C and fed ad libitum; PF = pair-fed group kept at 23 °C 
but fed the same amount as the HS group. 
3. 2. Serum biochemical index 
In Experiment 1 (Table 4-3), serum TC, LDL-C and TG were greater in the HS pigs 
than the CON and PF pigs. Serum AST activity was also higher in the HS pigs than 
controls, but HDL-C, ALT and LDH activities did not differ between the two groups. 
In Experiment 2 (Table 4-4), over the 21-day of experimental period, serum TC, TG, 
HDL-C and LDL-C were relatively stable in the CON group (P > 0.01). Serum TC (P 
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= 0.003), TG (P = 0.009) and LDL-C (P = 0.002) were greater in the HS pigs than the 
CON and PF pigs on d3 day of heat exposure, but dropped to the CON level afterwards. 
In the PF pigs, serum LDL-C dropped from d14 to d21 (d14, P = 0.028; d21, P = 
0.008). Serum TC also tended to decrease in the PF pigs on d21 (P = 0.068). Through 
the 21d of experiment, serum TG was comparable between the PF and CON pigs. 
Serum HDL-C did not show differences among all treatments. In comparison to their 
counterparts raised in the thermoneutral environment, serum ALT activities were 
lower in the HS pigs from d7 to d21 (d7, P = 0.062; d14, P = 0.002; d21, P = 0.001), 
and ALP activities were lower from d3 to d21 (d3, P = 0.023; d7, P < 0.001; d14, P < 
0.001; d21, P < 0.001). In the HS pigs, serum TP, BUN and activities of AST and 
LDH did not differ from the CON and PF groups. 
Table 4-3. Serum biochemistry for pigs exposed to 33 °C for 3 days 
Items CON HS PF SEM P value 
TC, mmol/L 1.97b 2.26a 1.77b 0.19 0.009 
HDL-C, mmol/L 0.57 0.52 0.50 0.10 0.302 
LDL-C, mmol/L 1.12b 1.43a 0.99b 0.17 0.002 
TG, mmol/L 0.41b 0.66a 0.34b 0.14 0.002 
TP, g/L 68.04 71.23 68.11 0.90 0.452 
ALT, U/L 34.14 42.63 40.57 1.20 0.265 
AST, U/L 34.14b 45.50a 30.71b 1.17 0.020 
AST/ALT 1.04 1.11 0.85 0.22 0.397 
LDH, U/L 446.0 589.3 457.7 5.02 0.240 
1TC, total cholesterol; HDL-C, high-density lipoprotein associated cholesterol; LDL-C, low-
density lipoprotein associated cholesterol; TG, triglyceride; TP, total protein; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; CON, 
control group; HS, heat stressed group; PF, pair-fed group 
2 Different superscript letters indicate significant differences among treatment groups in a 
row (P < 0.05). 
Table 4-4. Serum biochemistry for pigs exposed to 33 °C for 21 days 
Items Day CON HS PF SEM P value 
TC, mmol/L D0 2.27 2.23 2.34 0.20 0.790 
 D3 2.15b 2.79a 2.25b 0.21 0.003 
 D7 2.09 2.23 1.99 0.18 0.274 
 D14 2.21 2.30 2.00 0.19 0.131 
 D21 2.30 2.38 2.06 0.18 0.068 
HDL-C, mmol/L D0 0.71 0.82 0.81 0.13 0.285 
 D3 0.66 0.76 0.73 0.15 0.415 
 D7 0.68 0.69 0.68 0.12 0.992 
 D14 0.72 0.70 0.70 0.13 0.975 
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 D21 0.75 0.72 0.72 0.12 0.811 
LDL-C, mmol/L D0 1.34 1.22 1.28 0.17 0.662 
 D3 1.33b 1.87a 1.33b 0.20 0.002 
 D7 1.27 1.33 1.15 0.16 0.255 
 D14 1.31ab 1.40a 1.11b 0.16 0.028 
 D21 1.36ab 1.49a 1.15b 0.15 0.008 
TG, mmol/L D0 0.35 0.39 0.52 0.15 0.160 
 D3 0.35b 0.56a 0.39b 0.14 0.009 
 D7 0.4 0.47 0.37 0.13 0.441 
 D14 0.53 0.42 0.40 0.15 0.362 
 D21 0.37 0.47 0.38 0.13 0.285 
TP, g/L D0 45.87 45.23 44.78 0.75 0.901 
 D3 45.12 48.93 45.23 1.01 0.482 
 D7 45.42 47.28 44.08 0.78 0.468 
 D14 47.37 50.54 47.14 0.71 0.229 
 D21 52.02 54.08 51.39 0.72 0.456 
BUN, mmol/L D0 4.22 4.69 4.74 0.26 0.175 
 D3 4.78 5.27 4.43 0.34 0.134 
 D7 4.34 4.14 4.27 0.31 0.885 
 D14 4.29 4.16 4.43 0.26 0.615 
 D21 5.00 4.51 4.30 0.28 0.112 
ALT, U/L D0 41.44 37.00 35.56 1.00 0.37 
 D3 39.5 38.83 36.5 1.18 0.811 
 D7 37.33 29.89 36.56 0.88 0.062 
 D14 35.78a 23.89b 33.22a 0.86 0.002 
 D21 34.89a 23.89b 34.11a 0.83 0.001 
AST, U/L D0 32.22 30.33 30.22 0.95 0.843 
 D3 32.50 38.67 31.83 1.16 0.305 
 D7 32.67 34.22 29.33 1.05 0.568 
 D14 33.89 27.11 26.00 0.97 0.127 
 D21 34.44 31.22 31.00 0.98 0.647 
ALT/AST D0 1.32 1.30 1.20 0.19 0.677 
 D3 1.25 1.02 1.16 0.18 0.165 
 D7 1.19ab 0.95b 1.29a 0.17 0.042 
 D14 1.17ab 0.90b 1.30a 0.19 0.041 
 D21 1.08a 0.77b 1.17a 0.18 0.019 
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LDH, U/L D0 571.44 521.67 531.56 2.63 0.220 
 D3 580.33 705.33 560.17 4.63 0.140 
 D7 497.00 483.78 496.22 3.85 0.973 
 D14 500.44 458.00 453.11 2.87 0.345 
 D21 506.33 503.11 472.00 2.82 0.543 
ALP, U/L D0 218.22 216.56 256.22 3.12 0.562 
 D3 177.83ab 117.00b 257.33a 3.60 0.023 
 D7 189.00a 98.22b 228.78a 2.46 <0.001 
 D14 189.00a 90.00b 224.00a 2.50 <0.001 
 D21 178.89a 93.33b 209.11a 2.44 <0.001 
1TC, total cholesterol; HDL-C, high-density lipoprotein associated cholesterol; LDL-C, low-
density lipoprotein associated cholesterol; TG, triglyceride; TP, total protein; GLU, glucose; 
BUN, blood urea nitrogen; ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
LDH, lactate dehydrogenase; ALP, alkaline phosphatase; CON, control group; HS, heat 
stressed group; PF, pair-fed group 
2 Different superscript letters indicate significant difference among treatment groups in a 
row (P < 0.05). 
3. 3. Changes in liver cholesterol biosynthesis 
In Experiment 1, liver cholesterol in the HS pigs, including TC, LDL-C and LDL-
C, did not differ from the controls, but the level of TC (P = 0.046) was less in the HS 
group than the PF group on d3 (Figure 4-2A). Expression of HMGCR in the HS pigs 
was almost 50% of that in the CON and PF pigs (P = 0.019), however, LDLR and 
SREBP2 was comparable among all treatments (Figure 4-2B). 
 
Figure 4-2. Cholesterol composition (A) and genes related to cholesterol biosynthesis (B) in 
the liver of 60-kg pigs exposed to 33 °C for 3 days (short term). All data are expressed as mean 
± SEM. Different letters indicate significant differences among treatments at P < 0.05. CON 
= controls kept at 23 °C and fed ad libitum; HS = heat stressed group kept at 33 °C and fed ad 
libitum; PF = pair-fed group kept at 23 °C but fed the same amount as the HS group; TC, total 
cholesterol; HDL-C, high-density lipoprotein coupled cholesterol; LDL-C, low-density 
lipoprotein coupled cholesterol; HMGCR, 3-hydroxy-3-methylglutaryl-CoA; LDLR, low-
4. Dynamic changes of cholesterol metabolism in pigs exposed to heat stress 
73 
 
density lipoprotein receptor; SREBP2, sterol regulatory element-binding protein. 
In Experiment 2, liver cholesterol was quantified on d21, where TC was lower in 
the PF (P = 0.015) and HS groups (P = 0.054) than the CON group (Figure 4-3A). 
Meanwhile, liver expression of LDLR and SREBP2 was down-regulated by 30% (P 
= 0.018) and 41.8% (P = 0.003), respectively, in the HS group when compared to the 
CON group (Figure 4-3B). In the PF pigs, HMGCR (P = 0.024), LDLR (P = 0.003) 
and SREBP2 (P = 0.006) were 35%, 31%, 37% less than those of the CON group. 





Figure 4-3. Cholesterol composition (A) and genes related to cholesterol biosynthesis (B) in 
the liver of 40-kg pigs exposed to 33 °C for 21 days (long term). All data are expressed as 
mean ± SEM. Different letters indicate significant differences among treatments at P < 0.05. 
CON = controls kept at 23 °C and fed ad libitum; HS = heat stressed group kept at 33 °C and 
fed ad libitum; PF = pair-fed group kept at 23 °C but fed the same amount as the HS group; ; 
TC, total cholesterol; HDL-C, high-density lipoprotein coupled cholesterol; LDL-C, low-
density lipoprotein coupled cholesterol; HMGCR, 3-hydroxy-3-methylglutaryl-CoA; LDLR, 
low-density lipoprotein receptor; SREBP2, sterol regulatory element-binding protein. 
4. Discussion 
An environmental temperature 10 °C above the optimal temperature negatively 
impacted feeding behavior and growth performance of 40- and 60-kg Large White 
pigs. But all pigs appeared to be healthy. The pigs exposed to 33 °C halved feed intake 
and tripled respiratory rate, but rectal temperature of the HS pigs increased only by 
0.8 °C. Such a magnitude of temperature increment did not result in changes in serum 
biomarkers related to tissue damages. However, an increase in environmental 
temperature by 10 °C did affect cholesterol metabolism. 
All serum biomarkers for liver damage were not increased by both short term and 
long term exposure to heat stress, but serum ALP and ALT activities were decreased 
in the HS pigs on d21. Therefore, we speculated that few tissue damage has occurred 
when pigs were exposed to a temperature 10 °C above the optimal temperature. 
Reduced ALP activity after heat exposure has also been observed in other studies 
(Abeni et al., 2007; Pearce et al., 2013a). It is not yet known why ALP activity is 
reduced in heat-stressed animals. Some researchers thought that the reduction in ALP 
reflects reduced liver functions (Abeni et al., 2007). The reduced ALP activity in the 
HS pigs could be a result of changes in P metabolism. We found serum P was reduced 
in the HS pigs but not in the PF pigs (data not shown). 
Here, dynamic changes in serum lipids, including TC, HDL-C, LDL-C and TG, 
were measured over the 21-day of experimental period. Both experiments showed that 
a 10 °C increase in the environmental temperature could influence serum TC, LDL-C 
and TG already after 3 days. Increased cholesterol levels were also reported in heat-
stressed pigs, chickens and lambs (Pearce et al., 2013; Mahjoubi et al., 2014; Xie et 
al., 2015). Therefore, in addition to TG, cholesterol metabolism may also be uniquely 
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regulated in heat-stressed animals. Cholesterol is an essential nutrient regarding its 
role as precursors for steroid hormones, bile acids and vitamin D. More importantly, 
cholesterol is a component of cell membranes, regulating the fluidity of the lipid 
bilayer as well as HSP signaling (Robichon and Dugail, 2007; Balogh et al., 2010; 
Balogh et al., 2013). When cells are exposed to high temperature, cholesterol is 
recruited to the lipid raft, activating HSF and HSP gene transcription (Balogh et al., 
2010). The increased cholesterol during heat challenge could benefit cells from 
thermal damages by increasing HSP productions (Nagy et al., 2007; Balogh et al., 
2010) 
Different from serum cholesterol, liver cholesterol synthesis was down-regulated in 
HS pigs on d3 because the rate-limited enzyme of cholesterol biosynthesis, HMGCR, 
was down-regulated by nearly 50%. The activity of HMGCR can be regulated by 
cholesterol in a negative feedback mode in order to maintain a relatively stable level 
of cholesterol (Ness and Chambers, 2000). It is very likely that the increased serum 
cholesterol at the beginning of heat exposure down-regulated liver HMGCR 
expression to reduce liver cholesterol biosynthesis, consequently decreasing serum 
cholesterol to the baseline when heat challenge lasted. On d 21, we found heat 
exposure tended to decrease liver TC when serum cholesterol was similar to the CON 
pigs. Except for de novo synthesis of cholesterol and cells can also uptake cholesterol 
via LDLR-mediated endocytosis (Wang et al., 1994; Singh et al., 2014). Our data 
showed HMGCR expression was not affected in the HS pigs regardless of a decreasing 
tendency in liver TC. In contrast, liver LDLR was down-regulated by 20% in the HS 
pigs when compared with the CON pigs. It suggests that long-term heat challenge at 
33 °C reduced cholesterol uptake from extrahepatic tissues without affecting de novo 
cholesterol biosynthesis. SREBP transcription factors tightly regulate the synthesis 
and uptake of lipids and SREBP2 transcriptionally regulates HMGCR and LDLR. At 
low cholesterol level, SREBP2 binds to the sterol response element to increase the 
expression of HMGCR and LDLR to increase cholesterol synthesis and uptake via 
LDLR-mediated endocytosis (Wang et al., 1994; Singh et al., 2014). At high 
cholesterol level, SREBP undergoes proteolytic degradation (Brown and Goldstein, 
1997). During fasting, SREBP2 is down-regulated by SIRT1, leading to liver 
cholesterol reduction (Walker et al., 2010). In the HS and PF pigs, liver SREBP2 
expression was decreased by 40% when the average food intake decreased by 40%. 
The down-regulated SREBP2 only led to the down-regulated LDLR in the HS pigs, 
which suggests other regulatory pathway to maintain HMGCR expression during 
long-term heat exposure. 
Several existing studies have confirmed that heat exposure promoted lipid 
deposition in pigs, which is distinct from pair-fed animals to normalize the effect of 
feed intake (Pearce et al., 201; Kellner et al., 2016). Significant differences in 
cholesterol metabolism were also noted between the HS and PF pigs in the present 
study. The increases in TC and LDL-C as well as the decreases in mRNA of HMGCR 
were only found in the HS pigs but not in the PF group on d3. Instead, PF pigs had a 
higher TC level than HS groups but did not differ from the CON pigs suggesting that 
the decrease in TC level in HS groups was not caused by reduced feed intake and 
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short-term (3d) dietary restriction did not affect the body's cholesterol level on PF pigs. 
When a 40% feed restriction lasted for 21 days, the PF pigs had a decreased TC. In 
the liver, only HMGCR, the rate-limiting enzyme for cholesterol biosynthesis, was 
decreased in the PF group; in contrast, HMGCR and LDLR were both reduced in the 
HS and PF pigs. Based on the differences between the HS and PF pigs, reduced feed 
intake partially contribute to liver cholesterol metabolism and cellular cholesterol 
biosynthesis seems to be uniquely regulated in the pigs exposed to heat (Robichon 
and Dugail, 2007). 
In conclusion, a 10 °C increase in the environmental temperature greatly reduces 
feed intake and negatively affects the growth performance of growing pigs. Heat 
exposure did affect cholesterol metabolism in pigs, increased serum cholesterol on d3 
of heat exposure without inducing severe tissue damages. Reduction in feed intake 
during heat exposure did not completely contribute to metabolic changes in 
cholesterol. Because of the protecting roles of cholesterol against cellular stress, 
further investigations are needed to delineate the pathways by which heat exposure 
acts on cholesterol metabolism. 
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In chapter 4, we found that a 10 °C increase in the environmental temperature could 
increase serum TC and LDL-C levels already after 3 days. Bile acids (BAs) are 
synthesized from cholesterol in the liver and conversion of cholesterol to the BAs is 
the major route for cholesterol excretion. As an emulsifier, BAs are essential for fat 
digestion and lipid-soluble vitamins absorption in the intestine. Furthermore, BAs can 
coordinate glucose, lipid and energy homeostasis through the farnesoid X receptor 
and the membrane-bound G-protein coupled receptor. In view of the close relationship 
between BA and cholesterol metabolism, we hypothesized that heat stress can alter 














This chapter was divided into two parts:  
Chapter 5a: Alterations in bile acids profile in Large White pigs during short-term 
heat exposure.  
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Abstract: Heat stress influences lipid metabolism independently of nutrient intake. 
How bile acid metabolism is affected by heat stress is not well understood. This study 
aimed to investigate the alterations of bile acids when pigs are exposed to short-term 
heat stress. Large White pigs from eight litters (3 pigs/litter, 63.2 ± 9.5 kg BW) were 
assigned to 1 out of 3 environmental treatments: control conditions (CON, 23°C with 
ad libitum intake; n = 8), heat stress conditions (HS, 33°C with ad libitum intake; n = 
8), or pair-fed conditions (PF, 23°C with the same amount to the feed consumed by 
the HS; n = 8) for 3 days. The average daily feed intake and average daily gain of the 
HS pigs were reduced to 55% and 124% of those in CON group, respectively, while 
rectal temperatures in HS pigs were increased by 0.9 °C and the increased respiration 
rates over 3-fold. liver taurocholates, including taurolithocholic acid, 
taurochenodeoxycholic acid (TCDCA), tauroursodeoxycholic acid, 
taurohyodeoxycholic acid and taurohyocholic acid were elevated in HS pigs 
compared CON and PF pigs (P < 0.05). The concentration of ursodeoxycholic acid 
(UDCA) in serum was higher in HS pigs than CON and PF pigs (P < 0.05) and 
TCDCA was increased in HS pigs compared with PF pigs (P < 0.05). In ileum, 
secondary BAs and UDCA were increased in HS and PF groups compared with CON 
group (P < 0.01). In PF group, primary BAs (PBA) in ileum were lower (P = 0.01) 
than CON group while lithocholic acid (P < 0.01) was greater than CON and HS pigs. 
In cecum, PBA (P = 0.003) and HCA (P = 0.02) were lower in HS and PF pigs than 
CON pigs. In ileum, the expression of plasma membrane-bound bile acid receptor 
(TGR5, P = 0.02) was greater in HS group than PF pigs. Fibroblast growth factor19 
(P = 0.015) was up-regulated in PF group compared with CON group. In cecum, 
mRNA of TGR5 (P < 0.01) was reduced in HS and PF groups compared with CON 
group and IBABP (P = 0.016) was greater in HS pigs than other pigs. Altogether, 
short-term HS has profound impacts on liver taurine-conjugated BAs, which 
independently of reduced feed intake, might as elements to prevent cells damage 
during the early period of heat stress 
Key words: heat stress, bile acids, gene expression, growing pig




Reduced growth performance and increased economic losses of pigs caused by heat 
stress (HS) have been well documented in animal agriculture (Hyun et al., 1998; St-
Pierre et al., 2003). Growing pigs are particularly susceptible to HS (Renaudeau et al., 
2010), which has also been shown to decrease feed intake (Collin et al., 2001), alter 
metabolism (Baumgard and Rhoads Jr, 2013) and tissue accretion (Pearce et al., 2013) 
compared to pigs reared in thermoneutral conditions.  
Heat stress impacts lipid metabolism in pigs, mainly by decreasing lipolytic capacity 
and increasing fat deposition, independent of the heat-induced inadequate feed intake 
and altered insulin sensitivity is suggested to be responsible for enhanced lipid 
deposition (Baumgard and Jr, 2013; Belhadj Slimen et al., 2016). The research from 
Pearce et al. showed that heat-stressed pigs tended to increase serum circulating 
cholesterol in growing pigs (Pearce et al., 2013). So far, information regarding specific 
heat-induced alterations in cholesterol metabolism is still insufficient. 
 Bile acids (BAs) synthesis is the major route for cholesterol elimination (Lu et al., 
2000). Bile acids are main end-products of cholesterol catabolism, which are essential 
for intestinal absorption of lipid and fat-soluble vitamins. Bile acids are synthesized 
from cholesterol in the liver, stored in the gall bladder, and secreted into the small 
intestine. Before being secreted into gallbladder, primary BAs are conjugated with 
taurine or glycine to form taurine- or glycine-conjugated BAs, respectively. The 
majority of BAs (about 95%) are reabsorbed in the intestine and transported back to 
the liver via portal blood circulation to maintain the balance of BAs. The intestinal 
BA-binding protein (IBABP) contributes to the transportation of BAs across the ileal 
enterocytes. Hepatic bile acids biosynthesis is tightly regulated by feedback signaling 
through FXR/SHP and FXR/FGF19/FGFR4 signaling pathways. Furthermore, BAs, 
as signaling molecules, can modulate glucose and lipid metabolism as well as 
cholesterol homeostasis by the nuclear receptor farnesoid X receptor (FXR), and the 
plasma membrane-bound bile acid receptor (TGR5). 
In view of the close relationship between BA and cholesterol metabolism, we 
hypothesized that heat stress can alter BA metabolism, which contributes to the up-
regulated serum cholesterol in the heat-stressed pig (Chapter 4). The effects of HS 
on metabolites (including BAs) have been examined by metabolomics (Ippolito et al., 
2014; Wang et al., 2016). However, to our knowledge, there is no literature about the 
effects of heat stress on individual BA as well as on the BA composition. Therefore, 
the current study aimed to investigate hepatic biosynthesis, and intestinal transport of 
BA in growing pigs experiencing short term heat exposure. 
2. Materials and methods 
2. 1. Animals and study design 
All procedures involving animal usage and care have been approved by the Institute 
of Animal Sciences, Chinese Academy of Agricultural Sciences (IASCAAS). The 
experiment adopted a complete randomized block design which used the litter as the 
block. This experiment used 24 Large White barrows from 8 litters (3 pigs/litter), 
weighing 63.2 ± 9.5 kg, distributed to 6 chambers (n = 4 pigs/chamber). Each pig from 
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the same litter was randomly assigned to 1 of the 3 treatment groups, the control 
(CON), heat-stressed (HS) and pair-fed (PF) groups. Before the start of the experiment, 
all pigs needed to adapt to the chambers for 1-wk.  
During the adaptation period, all animals were allowed free access to feed and water. 
The environmental condition was at 23 °C with a 16 hours light cycle (light during 
6.00 A.M. to 10.00 P.M.). Feed was formulated (Chapter 4) according to nutritional 
requirements suggested by NRC (2012). When the experiment began, the chamber 
temperature was increased to 33 °C and 55% relative humidity (RH) for the HS group, 
where it maintained 23 °C for the CON and HS groups. Over the 3-d experimental 
period, pigs from the CON and HS groups consumed feed ad libitum, while the PF 
pigs were given the same amount of feed consumed by the HS pigs on the previous 
day. Therefore, before each morning meal, remaining feed was weighed to calculate 
feed intake of each animal. At the end of the experiment, each pig was weighed and 
slaughtered via the electrical stunning followed by exsanguinations. Blood samples 
were withdrawn from the jugular vein before pigs were sacrificed using electrical 
stunning followed by exsanguinations after 72 h. Feed was withheld from the pigs 12 
h before slaughter. Tissues from the liver and mucosal scrapings from the ileum and 
cecum as well as digesta were quickly removed, snap-frozen in the liquid nitrogen and 
stored at -80 °C for further analyses. 
2. 2. Quantifications of bile acids 
To extract BAs in the serum, a volume of 100 μL serum was mixed with an equal 
amount of pre-cold sodium acetate buffer (50 mM, pH 5.6) and triple ethanol. The 
mixture was then vortexed for 2 min, allowed to stand for 30 min at 4 °C, and 
centrifuged at 20,000 g for 20 min. The supernatant was diluted four times with 
sodium acetate buffer and applied to a Bond Elute C18 cartridge (500 mg/6 ml; Harbor 
city, CA) which has been pre-activated by 5 ml methanol. The cartridge was washed 
with 25% ethanol and eluted with 5 mL of methanol. Next, the solvent was removed 
under nitrogen gas, the residue was reconstituted with 1 ml of methanol (Fang et al., 
2018). Precipitated solids were then removed by filtration using a 0.45 μm Millipore 
filter (Millex®-LG; Billerica, MA). To extract liver BAs, appropriate modification 
methods were used described by Yang et al. (2017). 100 mg liver tissue was 
homogenized in 1 ml physiological saline. The supernatant was obtained by 
centrifugation at 2,500 rpm for 10 min. Two hundred microliter liver homogenate was 
extracted use the same method as described above. Finally, the resulting supernatant 
was used for LC-MS/MS analysis and the assay conditions have been reported 
previously (Fang et al., 2018). Bile acids in the intestinal digesta were extracted as 
previously described (Fang et al., 2018). 
2. 3. Isolation of RNA and quantification of mRNA levels 
The impact of heat exposure on critical genes related to BAs synthesis, 
transportation and signaling were assessed. Primers (Chapter 3) were characterized by 
amplification efficiency analyses and agarose gel electrophoresis. Total RNA was 
isolated from liver or intestinal mucosal scrapings from ileum and cecum using 
Qiagen kits (RNeasy Mini Kit, Cat # 74104). RNA integrity and concentration were 
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assessed via 2% agarose gel electrophoresis and microspectrophotometer (Nanodrop, 
Technologies, Wilmington, DE). First-strand cDNA was synthesized by using the 
High-Capacity cDNA Archive kit (Takara RR047A, China) according to the 
manufacturer’s instructions. Approximately 1 μg of RNA with an average A260/A280 
of 1.9 were transcribed. qPCR was performed in a Bio-Rad CFX 96 System using 
SYBR Green Master Mix (Applied Bio-Rad). The comparative CT method (2−ΔΔCt) 
was referred to calculate the gene expression values using β-actin as a housekeeping 
gene. 
2. 4. Statistical analyses 
All the statistical analyses were performed using the JMP10.0 (SAS Institute, Inc., 
Cary, NC). One way analysis of variance (ANOVA) and Duncan’s multiple 
comparison were used to compare the treatments. Data were presented as mean and 
SEM and A P value < 0.05 was considered significant. 
3. Results 
3. 1. Bile acids composition in the liver, serum and intestine  
Bile acids in serum, liver and intestine were characterized using the LC-MS/MS 
method. Bile acids in serum were profiled after 3 d heat exposure (Figure 5a-1A). Pigs 
with HS increased the concentration of SBA (P = 0.01). However, there was no 
difference in the total BAs (TBA), PBA and conjugated BAs (TCBA and GCBA). 
Increased BAs included UDCA (P < 0.05) and TCDCA (P = 0.035) were found in HS 
group compared with other groups and PF group, respectively. 
Liver TCBA (P < 0.01), including TUDCA (P < 0.01), THDCA (P < 0.01), THCA 
(P < 0.01) and TLCA (P = 0.017) as well as TCDCA (P = 0.013) were significantly 
increased (Figure 19B). Lower PBA (P = 0.037) was found in the PF group than CON 
group, and CDCA (P = 0.037) was reduced in PF pig relative with CON and HS pigs 
(Figure 5a-1B). 
In ileum (Figure 5a-1C), PBA were lower in PF pigs than CON pigs (P = 0.01) and 
SBA were elevated in HS (P < 0.01) and PF (P < 0.01) groups compared with CON 
group. In individual BAs, LCA (P < 0.01) was higher in PF group than other two 
groups and the amount of UDCA was increased in HS and PF pigs (P < 0.01). In 
cecum, PBA (P = 0.003) such as CDCA (P = 0.06) and HCA (P = 0.02) were lower 
in HS and PF pigs than CON pigs (Figure 5a-1D).  




Figure 5a-1: Alteration of bile acid profiles in serum (A), liver (B), ileum (C) and cecum (D) 
of pigs after 3 d exposure to heat stress. Values with different letter superscripts mean 
significant difference (P < 0.05). CON = controls kept at 23 °C and fed ad libitum; HS = heat 
stressed group kept at 33 °C and fed ad libitum; PF = pair-fed group kept at 23 °C but fed the 
same amount as the HS group; BAs, bile acids; TBA, total BAs; PBA, primary BAs, SBA; 
secondary BAs; GCBA, glycine-conjugated BAs; TCBA, taurine-conjugated BAs; CA, cholic 
acid; CDCA, chenodeoxycholic acid; HCA, hyocholic acid; LCA, lithocholic acid; DCA, 
deoxycholic acid; UDCA, ursodeoxycholic acid; GCA, glycocholic acid; GCDCA, 
glycochenodeoxycholic acid; GUDCA, glycoursodeoxycholic acid; TLCA, taurolithocholic 
acid; TCDCA, taurochenodeoxycholic acid; TUDCA, tauroursodeoxycholic acid; THDCA, 
taurohyodeoxycholic acid; TDCA, taurodeoxycholic acid; THCA, taurohyocholic acid 
3. 2. Bile acids synthesis and conjugation in liver 
Given the significant effect of exposure to heat stress on liver TCBAs levels, hepatic 
expression of genes involved in BA synthesis (CYP7A1, CYP27A1 and CYP8B1), 
conjugation (BAAT and BACS) were examined (Figure 5a-2). Unexpectedly, no 
significant changes in other gene expression levels were found in the liver of the HS 
or PF group compared with CON group after 3 d of heat exposure. 




Figure 5a-2: Expression of genes encoding for bile acid synthesis and conjugation in liver. All 
data are expressed as mean ± SEM. Different letters indicate significant differences among 
treatments at P < 0.05. CON = controls kept at 23 °C and fed ad libitum; HS = heat stressed 
group kept at 33 °C and fed ad libitum; PF = pair-fed group kept at 23 °C but fed the same 
amount as the HS group; CYP7A1, cholesterol 7α-hydroxylase 1; CYP27A1, sterol 27-
hydroxylase; CYP8B1, sterol 12α-hydroxylase; BAAT, bile acid-CoA:amino acid N 
acyltransferase; BACS, bile acid-CoA synthase 
3. 3. Bile acid transporters in the enterohepatic circulation 
The mRNAs of enzymes responsible for BAs efflux (BSEP) and uptake (NTCP and 
OATP1B3) were not alterd among three groups in liver (Figure 5a-3A). HS and PF 
pigs tended to increase the mRNA of IBAB6 (P = 0.06) in ileum, but was not 
statistically increased (Figure 5a-3B). However, in cecum, IBABP (P = 0.016, Figure 
5a-3C) was greater in HS group than CON and PF pigs. 
 
Figure 5a-3: Expression of genes encoding for bile acid transport in liver (A), ileum (B) and 
cecum (C). All data are expressed as mean ± SEM. Different letters indicate significant 
differences among treatments at P < 0.05. CON = controls kept at 23 °C and fed ad libitum; 
HS = heat stressed group kept at 33 °C and fed ad libitum; PF = pair-fed group kept at 23 °C 
but fed the same amount as the HS group; BSEP, bile salt export pump; NTCP, sodium-
taurocholate cotransporting polypeptide; OATP1B3, organic anion transporting peptides 3; 
IBABP, ileum bile acid-binding protein; ASBT, apical sodium-coupled bile acid transporter; 
OSTα/β, organic solute transporters α/β; MRP2/3, multidrug resistance protein 2/3  
3. 4. Bile acids regulation in liver and intestine 
Bile acids key regulatory factors (FXR, TGR5, SHP, FGFR4 and KLβ) were not 
changed in liver (Figure 5a-4A). In ileum, mRNAs of TGR5 (P = 0.02) was up-
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regulated in HS group compared with PF pigs and increased expression of FGF19 (P 
= 0.015) was observed in PF group compared with CON group (Figure 5a-4B). In 
addtion, heat stress and feed restriction decreased the mRNA of TGR5 (P < 0.01, 
Figure 5a-4C) in cecum. 
 
Figure 5a-4: Expression of genes encoding for bile acid signaling in liver (A), ileum (B) and 
cecum (C). All data are expressed as mean ± SEM. Different letters indicate significant 
differences among treatments at P < 0.05. CON = controls kept at 23 °C and fed ad libitum; 
HS = heat stressed group kept at 33 °C and fed ad libitum; PF = pair-fed group kept at 23 °C 
but fed the same amount as the HS group; FXR, farnesoid X receptor; TGR5, membrane-bound 
G-protein coupled receptor; SHP, small heterodimer partner; FGFR4, fibroblast growth factor 
receptor 4; KLβ, Klotho beta; FGF19, fibroblast growth factor19 
4. Discussion 
The pigs exposed to 33 °C resulted in marked heat stress as evidenced by elevated 
rectal temperatures and respiration rates, and the decrease in feed intake (chaper 4) , 
which is consistent with previous reports (Pearce et al., 2014; Seelenbinder et al., 
2018).  
In the current study, heat exposed pigs led to a substantial increase in the hepatic 
concentration of TLCA, TCDCA, TUDCA, THDCA and THCA, and thereby of 
TCBAs, which was not caused by the reduced feed intake. TCBAs are formed through 
conjugation of taurine with BAs. Increase of heat dissipation is a major mechanism 
for coping with short term heat stress (Hahn, 1999). Possibly, taurine was released to 
counteract the resulting hyperthermia (Frosini et al., 2002). Indeed, in addition to its 
cooling function, taurine has been shown to have a unique mitochondrial protective 
effect through taurine mediated prevention of damage (El Idrissi and Trenkner, 1999). 
Moreover, UDCA could also protect mitochondria against reactive oxygen species 
(ROS) production in stress response (Rodrigues et al., 1998; Serviddio et al., 2004) 
and exposure to heat could enhance ROS production and induce oxidative stress. Thus, 
for d3 of heat exposure, increased TCBA in liver and UDCA in serum were important 
to increase heat losses and protect life-threatening damages. Unexpectedly, the 
expression of genes involved in BAs synthesis (CYP1A1, CYP21A1 and CYP8B1), 
efflux transport (BSEP) and uptake (NTCP and OATP1B3) in liver remained 
unaffected in HS pigs, which may be due to change at the functional rather than 
transcriptional level. Bile acids are end-products of cholesterol metabolism, and 
facilitating cholesterol elimination in liver. Taurocholate infusion produced a marked 
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increase both in total output and in esterification of cholesterol (Watt and Simmonds, 
1984). Furthermore, Murakami S et al (Murakami et al., 2016) concluded that taurine 
supplementation increases the synthesis of TCBA and stimulates the catabolism of 
cholesterol to BAs, leading to reductions hepatic cholesterol levels. Thus, increased 
level of TCBA in the liver and SBA in the serum in heat stress pigs may promote the 
conversion from cholesterol to BAs and consequently increase cholesterol and 
triglycerides release into the systemic circulation, reduced cholesterol and 
triglycerides levels in the liver.  
Besides liver synthesis, TCBAs can be reabsorbed in the ileum by ASBT and 
returned via the portal vein to the liver to complete the enterohepatic circulation of 
bile acids (Hofmann, 2009). However, TCBAs and mRNA of ASBT in ileum were not 
changed, suggesting that reabsorption of TCBAs in ileum was not found in heat stress 
pigs.  
Unconjugated BAs (PBA and SBA), formed after taurine hydrolysis by intestinal 
bacteria, can also be absorbed by passive diffusion in the small and large intestine 
(Ridlon et al., 2006). Since heat stress can impact gut microbiota in a variety of human 
and animal models (Dokladny et al., 2016; Zhang et al., 2016; Karl et al., 2018). 
Decreased PBA (CDCA and HCA) in cecum of HS pigs demonstrated a reduction of 
free BAs secretion in cecum as a result from the pigs were fasting for 12 hours before 
slaughter, which might reduce hydrolysis of TCBAs to free BAs and increase the level 
of TCBAs in liver.  
Bile acids also act as signaling molecules regulate lipid and glucose metabolic as 
well as energy balance through FXR and TGR5 (Fiorucci et al., 2009). In the intestine, 
TGR5 activation stimulates glucagon-like peptide-1 (GLP-1) release from 
enteroendocrine L Cells and then regulate glucose homeostasis (Thomas et al., 2009). 
Decreased expression of TGR5 in HS and PF pigs in cecum might due to inadequate 
food intake, which affects the production of glucose in the liver to maintain glucose 
balance, since exposure to a high temperature and feed restriction affect hepatic 
glucose production (Febbraio, 2001; Kirk et al., 2009). 
Heat stress normally reduces feed intake on the swine industry and BAs levels 
themselves were influenced by feed intake (Oded et al., 2008). In our study, the 
increase of SBA (LCA and UDCA) in ileum and decrease PBA (CDCA and HCA) in 
cecum were observed in PF pigs after 3 d feed restriction. Our results partially agree 
with a similar study conducted in mice, which showed calorie restriction increased 
SBA in small intestine but not alter the composition of BAs in large intestine (Fu and 
Klaassen, 2013). Changes of BAs in ileum and cecum suggests that the gut 
microbiome may play a role in determining the BA composition during feed restriction 
because calorie restriction have an impact on gut microbiota composition (Nadal et 
al., 2009). However, microbial work need to be carried out in our follow-up studies to 
verify this hypothesis. In addition, the greater free BAs in PF pigs with increased 
expression of IBABP in ileum, which might part of the regulatory machinery for free 
BAs reabsorption in the ileum of PF pigs. FGF15/19 as an endocrine hormone released 
by the ileum secreted into the portal blood and reached the liver activates hepatic FGF 
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receptor 4 (FGFR4) signaling to repress BAs synthesis (Holt et al., 2003; Song et al., 
2009).The upregulated FGF19 in the PF pigs might contribute to the decrease of 
CDCA synthesis in liver. 
In conclusion, short-term heat exposure increased the concentration of TCBA, 
which independent of reduced feed intake, might as mechanism to protect cells from 
damage during the early period of heat stress. 
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Abstract：Bile acids are critical for cholesterol homeostasis and new roles in 
metabolism and endocrinology have been demonstrated recently. It remains unknown 
whether bile acid metabolism can be affected by heat stress. The objective of this study 
was to describe the shifts in serum, hepatic and intestinal BA profiles induced by 
chronic HS. Twenty-seven Large White pigs weighing 40.8 ± 2.7 kg were assigned to 
one of the three treatments: a control group (CON, 23 °C), a HS group (33 °C), or a 
pair-fed group (PF, 23 °C and fed the same amount as HS group) for 21 d. The 
concentrations of taurine-conjugated BAs (TUDCA and THDCA in serum and 
TCDCA, TUDCA, THDCA and THCA in liver) were decreased in HS and PF pigs. 
However, in HS pigs, a reduction in taurine-conjugated BAs (TCBA) correlated with 
decreased liver genes expression of BA synthesis, conjugation and uptake transport. 
BA regulated-genes (FXR, TGR5 and FGFR4) in HS pigs and TGR5, FGFR4 and 
KLβ in PF pigs were down-regulated in liver. In ileum, total BAs and 
glycoursodeoxycholic acid concentrations were higher in HS pigs than other groups 
and PF group, respectively (P < 0.05). TCBA (P = 0.01) and tauroursodeoxycholic 
acid (P < 0.01) were decreased in PF group. BA transporters (OSTα and MRP3) were 
up-regulated in HS pigs compared with CON and PF pigs, respectively (P < 0.01). In 
cecum, ursodeoxycholic acid was higher in HS (P = 0.02) group than CON group. 
The expression of apical sodium-coupled bile acid transporter (P = 0.04) was lower 
in HS pigs than CON pigs, while OSTβ (P < 0.01) was greater in HS group than PF 
group. These results suggest that chronic HS suppressed liver activity of synthesis and 
uptake of TCBA, at least in part, which was independent of reduced feed intake. 
Keywords: heat stress, bile acids, gene expression, growing pig 




Heat stress (HS) influences many production traits and increases economic loss in 
pigs (Pollmann, 2010). In heat-stressed pigs, feed intake is reduced by as much as 40-
50% to reduce heat production, which severely impairs their growth performance of 
pigs (Pearce et al., 2013a). Also heat exposure causes profound damages in the 
intestine barrier functions (Liu et al., 2016), indicated by shortening villus, and 
increasing permeability (Gabler et al., 2018; Pearce et al., 2013a). It is hypothesized 
that leaky gut leads to insulin sensitivity because of endotoxemia in heat-stressed 
animals (Sanz Fernandez et al., 2015; Xin et al., 2018). Although feed intake is 
inadequate in heat-stressed pigs, lipolytic activities are reduced but lipid deposition is 
promoted both in vivo and vitro (Baumgard and Rhoads Jr, 2013; Qu et al., 2015; 
Sanders et al., 2009; Torlińska et al., 1987). Recently we found 21 days of heat 
exposure at 33°C can temporally increase serum circulating cholesterol in growing 
pigs on day 3, when pair-feeding decreased blood cholesterol after 21 days (Chapter 
4). This phenomenon has also been reported by Pearce et al. (2013b). So far, it is not 
completely known how cholesterol homeostasis is regulated when nutrients and 
energy intake is severely reduced in heat-stressed pigs. 
Bile acids are synthesized and conjugated exclusively from cholesterol in the liver 
(Angelin and Carlson, 2010; Kortner et al., 2013). The conversion of cholesterol to 
the BAs is the major route for cholesterol excretion (Chiang, 1998; Cohen, 2008; 
Siperstein et al., 1952). As an emulsifier, BAs are important for fat digestion and lipid-
soluble vitamins absorption in the intestine (Russell and Setchell, 1992). Furthermore, 
BAs can coordinate glucose, lipid and energy homeostasis through farnesoid X 
receptor (FXR) and the membrane-bound G-protein coupled receptor (TGR5) 
(Houten et al., 2006; Lefebvre et al., 2009). Bile acids interact with TGR5 to stimulate 
glucagon-like peptide-1(GLP-1) secretion in the large intestine to regulate feed intake 
(Gutzwiller et al., 1999; Katsuma et al., 2005; Thomas et al., 2009). 
Primary BAs are synthesized in pericentral hepatocytes through a series of sterol 
ring hydroxylation and side chain oxidation steps. They are conjugated with glycine 
or taurine under bile acid-CoA synthase (BACS) and bile acid-CoA:amino acid N 
acyltransferase (BAAT) before being secreted into gallbladder for storage. Upon the 
signal of cholecystokinin (CCK), gallbladder contracts to release stored BAs into the 
duodenum during a meal. Under the deconjugation and 7α-dehydroxylation activities 
of gut microbes, conjugated BAs are converted into free BAs and primary BAs are 
converted to secondary BAs, respectively (Midtvedt, 1974; Ridlon et al., 2006). About 
95% BAs are reabsorbed in the intestine, especially the distal ileal section, to save the 
total de novo hepatic BAs synthesis (Dawson and Karpen, 2015; Russell, 2003). Bile 
acid biosynthesis is tightly controlled by enterohepatic circulation. When BAs pass 
through the ileal section, ileocytes synthesize fibroblast growth factor 19 (FGF19; 
FGF15 in rodents), which interacts with fibroblast growth factor receptor 4 (FGFR4)/ 
Klotho beta (KLβ), complex to negatively regulate BA synthesis in the liver (Holt et 
al., 2003). In addition, BAs can interact with FXR to induce small heterodimer partner 
(SHP), suppressing expression of BA synthetases as well as cholesterol synthesis (Lu 
et al., 2000; Zhu et al., 2012). 
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Inconsistent responses in metabolic state have been shown when animals were 
subjected to short term and long term heat stresses (Belhadj Slimen et al., 2016). We 
have previously shown that short-term heat exposure decreased cholesterol synthesis 
and increased the concentration of TCBA in the liver (Chapter 4 and 5a). However, 
whether BAs metabolism is affected by long term heat stress remains to be defined. 
Therefore, the objective of the present study was to investigate the effect of long term 
heat exposure on BAs metabolism and to clarify the underlying mechanism via the 
measurement of gene expressions involved in the metabolic process. 
2. Materials and methods 
All experimental procedures involving animals used in this experiment were 
approved by the Laboratory Animal Care Advisory Committee of the Institute of 
Animal Sciences, Chinese Academy of Agricultural Sciences (IAS-CAAS).  
2. 1. Animals and study design 
The experiment adopted a completely random block design, which considered the 
litter as the block. A total of 27 castrated male Large White pigs from 9 litters (3 
pigs/litter) with an average body weight of 40.8±2.7 kg, were allotted to one of the 
three treatments: a control group for which the environment was maintained at 23 °C 
(CON, with ad libitum water and feed intake), a heat stress group, continuously kept 
at 33 °C (HS, with ad libitum water and feed intake), or a pair-fed group (PF, ad 
libitum access to water) kept at 23 °C but given the same amount to the feed consumed 
on the previous day by the HS group, for 21 days. Pair-fed was conducted to determine 
the effects of a reduced nutrient intake. The experiment was executed over 3 
consecutive periods and 9 pigs from 3 litters were assigned into 1 of the 3 groups per 
period. 
The animal rooms were illuminated with a 16 hours light cycle (light during 6.00 
A.M. to 10.00 P.M.) with a relative humidity of 50% ± 5%. The diet consisted 
primarily of ground corn and soybean meal and was formulated to meet or exceed 
nutrient requirements suggested by the NRC (2012). No antibiotics were included in 
the diets (Chapter 4). Prior to the experiment, animals were allowed to acclimate to 
their pens for a week for adaption and were reared at 23 °C. The data of average daily 
feed intake, average daily gain, rectal temperatures and respiration rates have been 
reported in Xin et al. (2018).  
2. 2. Sample collections 
At the end of the trial, all the pigs were slaughtered via electrical stunning followed 
by exsanguination. Feed was withheld from the pigs 12 h before slaughter. Blood 
samples were taken via the jugular vein before they were sacrificed. Blood was 
collected into vacuum tubes, subsequently clotted and centrifuged at 3,000 rpm for 10 
mins at 4 °C. Then, serum was obtained, aliquoted and stored at -80 °C for BAs 
quantification. Liver samples were stored at -80 °C for BAs and real time PCR (q-
PCR) measurements. Mucosae of ileum and cecum were scraped frozen in liquid 
nitrogen then stored at -80 °C for mRNA analysis. Digesta from ileum and cecum 
were collected for BAs and bacteria quantifications. 
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2. 3. LC-MS/MS to quantify bile acids in serum and liver as well as intestinal 
digesta 
Serum, liver, and lyophilized digesta from ileum and cecum were measured using 
LC-MS/MS following procedures as previously described (Chapter 5a). 
2. 4. RT-qPCR analysis to quantify bile acid-related genes 
Total RNA isolation and reverse transcription, primers for critical genes related to 
BAs synthesis, transportation and regulation as well as real-time PCR (q-PCR) 
analysis were performed as described previously described (Chapter 5a). 
2. 5. Bacteria quantification by qPCR  
Bacteroides, Clostridium, Lactobacillus and Enterococcus as the major gut 
microbial genera participating in BAs deconjugation and secondary BAs synthesis 
(Ridlon et al., 2016) were quantified using absolute quantification method of real time 
PCR. Plasmids containing 16S rRNA fragments of Bacteroides, Clostridium, 
Lactobacillus and Enterococcus were cloned as following. Fragments 16S rRNA were 
amplified with PCR and purified using the AxyPrep DNA Gel Extraction Kit (Axygen 
Biosciences, Union City, CA, USA). Each purified fragment was cloned into pMD18-
T vector (TaKaRa, Beijing, China), followed by transformation into competent E. Coli 
Top 10 cells (Tiangen, Beijing, China). Plasmids were extracted with a commercial 
plasmid mini kit (Meiji, Shanghai, China) and the concentration of each plasmid was 
measured at 260 nm (NanoDrop 2000, Thermo Fisher Scientific, USA). The plasmids 
obtained were sequenced to validate identity of bacteria. Ten-fold dilutions of each 
plasmid from 102 to 106 copies were performed to generate standard curve for absolute 
quantification. 
Microbial DNA was extracted from digesta from ileum and cecum samples using 
the EZNA™ Soil DNA kit (D5625-02, Omega Bio-Tek Inc., Norcross, GA, USA) 
according to the manufacturer’s protocol. Real-time PCR was performed to quantify 
Bacteroides, Clostridium, lactobacillus and Enterococcus on an ABI 7500 Real-Time 
PCR System (Applied Biosystems, USA). Primers were listed in Table 5b-1. The PCR 
reaction was performed on a total volume of 20 μL using the SYBR Green PCR Core 
Reagents kit (Vazyme Biotech Co.,Ltd.). Each reaction included 16.5μL SYBR Green 
Master Mix (2X), 0.8 μL of each primer (5μM) and 2μL of the template DNA. The 
cycling conditions were as follows: 95 °C for 5 mins, and 40 cycles at 95 °C for 5 s 
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Table 5b-1. Primers for bacteria genes 
Bacteria Gene Bank ID 5'-primer-3' Amplicon 
size (bp) 
Total bacteria MK616037.1 ACTCCTACGGGAGGCAGCA 464 
  GGACTACHVGGGTWTCTAAT  
Bacteroides KF374939.1 CATGTGGTTTAATTCGATGAT 120 
  AGCTGACGACAACCATGCAG  
Clostridium MG462904.1 TGAAAGATGCCATCATCATTCAAC 283 
  GGTACCGTCATTATCTTCCCCAAA  
Enterococcus CP030110.1 GAGAAATTCCAAACGAACTTG 93 
  CAGTGCTCTACCTCCATCATT  
Lactobacillus JF923643.1 GAGGCAGCAGTAGGGAATCTTC 126 
  GGCCAGTTACTACCTCTATCCTTCTTC  
2. 6. Statistical analyses 
All the statistical analyses were performed using the JMP10.0 (SAS Institute, Inc., 
Cary, NC). One-way analysis of variance (ANOVA) and Duncan’s multiple 
comparison were used to compare the treatments. Data were presented as mean and 
SEM and a P value < 0.05 was considered significant. 
3. Results 
3. 1. Serum bile acids profile 
Unconjugated BAs, including chenodeoxycholic acid (CDCA, 24.78%), hyocholic 
acid (HCA, 11.31%) and ursodeoxycholic acid (UDCA, 25.80%) were the 
predominant BAs in serum, accounting for 61.9% of total BAs (TBA). TCBA 
accounted for 4.3% and glycine-conjugated BAs (GCBA) accounted for 33.8% of 
serum TBA (Figure 23A). After 21 d of heat exposure, TBA, primary BAs (PBA), 
secondary BAs (SBA) and GCBA did not differ among the three groups. However, 
TCBA in the HS and PF groups were decreased by 44% (P = 0.03) and 42% (P = 
0.02), respectively, compared with the CON group. Among the four TCBAs, 
tauroursodeoxycholic acid (TUDCA, P = 0.025) and taurohyodeoxycholic acid 
(THDCA, P = 0.03) were reduced in the HS and PF pigs (Figure 5b-1A). 
3. 2. Liver bile acids composition  
The liver is the critical site for BAs synthesis and secretion. In the liver, GCBA 
[GCDCA (61.69%) and GUDCA (32.77%)] played a leading role, which constituted 
more than 94% of BAs. TCBA (5.32%) and unconjugated BAs (0.22%) were 
relatively minor components (Figure 23B). TCDCA, TUDCA, THDCA and THCA 
were decreased in the liver of HS and PF groups and therefore the TCBA was lower 
than the CON group (P = 0.02, Figure 5b-1B). No differences were found in other 
BAs among different groups in heat exposure for 21 d. 
3. 3. Intestine bile acids composition  
Unconjugated BAs accounted for 65.86 and 90.16% of TBA in ileum and cecum, 
respectively. However, PBA (CDCA; 20.37 % and HCA; 29.22 %) constituted the 
largest portion in the ileum but SBA (LCA; 26.61 % and UDCA; 32.58 %) in the 
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cecum. PBA (49.65 to 30.92) and conjugated BAs (34.14 to 9.84 %) decreased, 
whereas secondary BAs increased (16.21 to 59.24%) between the ileum and cecum 
(Figure 5b-1C and D). Under the HS condition, in the ileum, TBA (P = 0.01) was 
greater in HS pigs than the CON and PF groups and GUDCA (P = 0.026) was greater 
in the HS group than the PF group. In the PF group, TCBA was lower than the CON 
(P = 0.003) and HS (P = 0.009) groups (Figure 23C), where TUDCA (P < 0.01) was 
reduced in the ileum. The BAs composition of the cecal pool was not changed 
significantly among the three groups and only UDCA was higher in the HS (P = 
0.02) group than the CON group (Figure 5b-1D). 
 
Figure 5b-1. Alteration of bile acid profiles in serum (A), liver (B), ileum (D) and cecum (D) 
after long-term heat exposure. Values with the same letter superscripts mean no significant 
difference (P > 0.05), while with different letter superscripts mean significant difference (P < 
0.05). 
3. 4. Bile acids synthetases and transporters in liver 
CYP7A1 and CYP27A1 initiates the classical and alternative BAs synthesis 
pathways in the liver (Russell and Setchell, 1992). In comparison to the CON group, 
CYP7A1 and CYP8B1 remained unchanged in the HS group, but CYP27A1 was 
down-regulated by 45% (P = 0.01). BAAT and BACS, two genes coding enzymes 
catalyzing BAs conjugation, were also down-regulated in the HS group by 41% (P < 
0.01) and 42% (P < 0.01), respectively (Figure 5b-2A). Liver BA transporters, NTCP, 
OATP1B3 and BSEP were down-regulated in the HS pigs (P < 0.01, Figure 5b-2B). 
In the PF group, only CYP27A1 (P = 0.02) was lower than the CON group (Figure 





Figure 5b-2. Relative expression of genes encoding for bile acid synthesis (A) and transport 
(B) in liver after 21 d heat exposure. Values with the same letter superscripts mean no 
significant difference (P > 0.05), while with different letter superscripts mean significant 
difference (P < 0.05). 
3. 5. Bile acids transporters in intestine 
In comparison to the CON group, chronic heat exposure significantly up-regulated 
the expression of OSTα (39 %, P < 0.01) in the ileum, a BA basolateral transporter 
(Figure 25A). MRP3 was up-regulated in HS pigs when compared with PF pigs (P < 
0.01, Figure 5b-3A). 
In the cecum (Figure 5b-3B), ASBT (57% suppression, P = 0.04) was noted to be 
lower in HS pigs compared with the CON group and the mRNA level of OSTβ (74.8%, 
P < 0.01) was greater in HS group than PF group. However, no change was observed 
for genes that are involved in BAs transport in the ileum and the cecum of the PF pigs 
compared with CON pigs. 
 
Figure 5b-3. Expression of bile acid transporters in ileum (A) and cecum (B) after long-term 
heat exposure. Values with the same letter superscripts mean no significant difference (P > 
0.05), while with different letter superscripts mean significant difference (P < 0.05). 
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3. 6. Bile acids signaling in intestine and liver 
Although the ileum is the major site for BAs reabsorption, no changes were 
observed in FXR, TGR5 and FGF19 in the HS and PF groups when compared with 
the CON group (Figure 5b-4A). In the cecum, the expressions of membrane receptor 
TGR5 and GLP-1 were lower by 31% (P = 0.05) and 45% (P < 0.01), respectively, 
in the HS group, while few changes were observed in the PF group (Figure 5b-4B). 
In the liver (Figure 5b-4C), remarkable reductions in FXR (24%, P = 0.02), TGR5 
(42%, P = 0.002) and FGFR4 (36%, P = 0.009) expressions were observed in HS 
pigs compared with the CON pigs, and there was no significant difference of SHP 
or KLβ mRNA expression. Meanwhile, the mRNAs of TGR5 (30%, P = 0.04), 
FGFR4 (38%, P = 0.002) and KLβ (43%, P = 0.0356) were also suppressed in the 
PF group. 
 
Figure 5b-4. Expression of BA signaling in ileum (A), cecum (B) and liver (C) after long-term 
heat exposure. Values with the same letter superscripts mean no significant difference (P > 
0.05), while with different letter superscripts mean significant difference (P < 0.05). 
3. 7. Correlations among liver bile acid-related genes  
Pearson’s correlation (Table 5b-2) revealed strong positive correlations (P < 0.01) 
in FXR or TGR5 with FGFR4 (r = 0.5398 and r = 0.6814), CYP27A1 (r = 0.6758 
and r = 0.8524), BAAT (r = 0.7980 and r = 0.5405), BACS ( r = 0.8190 and r = 
0.6745), BSEP (r = 0.5692 and r = 0.6280), OATP1B3 (r = 0.6923 and r = 0.6262) 
and NTCP (r = 0.7694 and r = 0.6938), respectively. Additionally, TGR5 was 
positively correlated with KLβ (r = 0.4803, P = 0.01). Significant positive 
correlations between CYP7A1 and BSEP (r = 0.4199, P = 0.03) and NTCP (r = 
0.4733, P = 0.01) were observed, respectively. In addition, CYP27A1 was positively 
correlated (P < 0.01) with BAAT (r = 0.5274), BACS (r = 0.7529), BSEP (r = 
0.6440), OATP1B3 (r = 0.7159) and NTCP (r = 0.8052). However, the correlations 
between FXR and SHP (r = 0.3610, P = 0.06), CYP7A1(r = 0.1542, P = 0.44) and 
CYP8B1(r = 0.1689, P = 0.40) or TGR5 and SHP (r = -0.0415, P = 0.84), CYP7A1 
(r = 0.3473, P = 0.08) and CYP8B1 (r = 0.1237, P = 0.54) were not significant.
5b: Alterations in bile acids profile in Large White pigs during long-term heat exposure 
105 
 
Table 5b-2. Pearson correlation among liver bile acid-related genes 
 
The values in the table is the correlation coefficient, and the value in * indicates the 
significance level P value (P < 0.05). 
 TGR5 SHP FGFR4 KLβ CYP7A1 CYP27A1 CYP8B1 BAAT BACS BSEP OATP1B3 NTCP 
FXR 0.6806* 0.3610 0.5398* 0.3087 0.1542 0.6758* 0.1689 0.7980* 0.8190* 0.5692* 0.6923* 0.7694* 
TGR5  -0.0415 0.6814* 0.4803* 0.3473 0.8564* 0.1237 0.5405* 0.6745* 0.6280* 0.6262* 0.6938* 
SHP   0.0086 -0.1796 -0.1705 0.0320 0.1385 0.1542 0.2492 -0.0216 -0.0227 0.0625 
FGFR4    0.6463* 0.5149* 0.8198* 0.1366 0.4565* 0.5525* 0.6081* 0.5971* 0.7386* 
KLβ     0.8106* 0.5275* 0.1476 0.2728 0.3977* 0.3843* 0.2760 0.4884* 
CYP7A1      0.3960* 0.0668 0.2269 0.3192 0.4199* 0.3064 0.4733* 
CYP27A1       0.1348 0.5274* 0.7529* 0.6440* 0.7159* 0.8052* 
CYP8B1        0.2651 0.1993 0.0197 0.1779 0.2285 
BAAT         0.6733* 0.6558* 0.7943* 0.8117* 
BACS          0.4421* 0.7957* 0.8345* 
BSEP           0.6010* 0.6746* 
OATP1B3            0.9263* 
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3. 8. Intestinal bacteria involved in bile acids biotransformation 
Deconjugation and dehydroxylation BAs are fulfilled by intestinal bacteria which 
possess bile salt hydrolase (Ridlon et al., 2016). Compared with the ileum, increased 
copy numbers of total bacteria and Bacteroides and decreased Clostridium was 
observed in the cecum. However, no differences in the copy numbers of total bacteria, 
Bacteroides, Clostridium, Lactobacillus and Enterococcus were achieved among 
three groups in the ileum (Figure 5b-5A). In the cecum, the total number of bacteria 
was greater in the PF pigs compared with CON and HS pigs (P = 0.014, Figure 5b-
5B). 
 
Figure 5b-5. Bacteria involved in BA biotransformation in ileum (A) and cecum (B). 
Values with the same letter superscripts mean no significant difference (P > 0.05), while 
with different letter superscripts mean significant difference (P < 0.05). 
4. Discussion 
Besides growth performance, our recent study and many other studies have found 
unique regulatory effects in lipid metabolism (Baumgard and Rhoads Jr, 2013; 
Chapter 4). In the current study, we noted that BA metabolism was significantly 
altered in the pigs exposed to 33 °C for 21 d after a comprehensive investigation of 
the BA biosynthesis and intestinal recycling. Heat exposure suppressed BA synthesis, 
conjugation uptake and signaling in the liver and moderately affected ileal BA recycle, 
which consequently lowered serum TCBAs. 
Scattered studies have reported BAs as signature metabolites for heat stress. When 
pigs were exposed to 12 h-37 °C exposure per day for 7 days, DCA and HDCA were 
increased in the cecal fluid (Wang et al., 2016). Ippolito et al also observed decreasing 
BAs, including CA, DCA and all the TCBAs, in plasma of rats after 48 hours of HS 
(Ippolito et al., 2014). Most of those studies adopted non-target metabolomics 
methods, which may not be able to give a full spectrum of BAs. To the best of our 
knowledge, it is the first study to profile BA composition in compartments important 
to maintain BA homeostasis after heat stress. Here we noted that liver and serum 
TCBAs (serum, TUDCA and THDCA; liver, TUDCA, THDCA, TCDCA, THCA) 
were lowered in the growing pigs exposed to 33 °C for 21 d. TUDCA as a classic 
endoplasmic reticulum (ER) stress inhibitor, could alleviate ER stress and restore 
insulin secretion and glucose homeostasis (Özcan et al., 2006; Lee et al., 2010; Guo 
et al., 2017). Additionally, THDCA induces biliary lipid secretion (Loria et al., 1997), 
and suggests a cytoprotective factor for hepatocytes (Puglielli et al., 1994). TCBAs 
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are formed with the conjugation of BA and its substrate taurine. In heat-stressed 
animals, hyperthermia was accompanied by a significant increase of the concentration 
of taurine, which could counteract the resulting hyperthermia (Frosini et al., 2002). 
Taurine posed cytoprotective effects on hepatocytes under the presence of Ca2+ 
(Nakashima et al., 1996), which was owing to cytosolic Ca2+ leakage that induced by 
HS (Roti, 2008). In addition, Cassol et al reported that taurine is closely related to 
stress alleviation (Cassol et al., 2010). For instance, a current research indicated 
taurine supplementation effectively alleviated mitochondrial damage caused by heat 
exposure (Lu et al., 2018). Reduced TCBAs levels might use to against heat induced 
ER stress and cell damage. 
Because TCBAs can be either be synthesized in the liver or re-absorbed from the 
intestine, it is wondered which route contributes to the reduced TCBAs in the HS pigs. 
Ileum has the highest expression for BA transporters and FGF19 along the intestinal 
tract of pigs (Fang et al., 2018), therefore it is the major site for BA re-absorption. Bile 
acids can be re-absorbed via ASBT-mediated active transport or passive transport. In 
the ileum, we noted GUDCA was greater in the ileal digesta in the HS pigs than the 
CON pigs. The greater GUDCA in the digesta suggests a decreased BA recycling in 
the ileum of the HS pigs because all animals were fasted overnight when digesta were 
collected. Unlike GUDCA, composition of BAs conjugated with taurine as well as 
their high-affinity receptor ASBT did not show any changes among all treatments. We 
think TCBA recycling in the intestine was only moderately modified by heat exposure. 
In contrast to lack of changes in the intestine, in the liver a wide range of BA-related 
genes were down-regulated in the HS pigs, including critical enzymes for BA 
synthesis, BA transporters and regulatory signaling. In the process of BA synthesis, 
CYP7A1 initiates the classical pathway by 7α-hydroxylation of cholesterol and 
CYP27A1 initiates the alternative pathway. These two pathways produce majority of 
PBAs, where the classical pathway may be responsible for 50% or more of the total 
formation and the alternative pathway may be responsible for 30-50% (Björkhem et 
al., 2002). CYP8B1 is required for synthesis of CA, maintaining the ratio between CA 
and CDCA. Under the heat stress condition, as the major contributor to the total 
formation of BAs, CYP7A1 and CYP8A1 remained unaltered. Accordingly, the level 
of and TBAs was maintained in the liver and serum in the HS pigs. However, 
CYP27A1 in the alternative pathway was down-regulated in the HS pigs, suggesting 
that the alternative pathway rather than the classical way is affected by heat exposure. 
In addition to CYP27A1, the two enzymes catalyzing BA conjugation, BAAT and 
BACS and BAs transporters, NTCP, OATP1B3 and BSEP, were also down-regulated 
in the HS pigs. Therefore, heat exposure is more likely to suppress alternative BA 
synthesis, conjugation as well as liver uptake to reduce TCBAs. 
Bile acids homeostasis is tightly regulated. The regulatory mechanism is very 
complex and yet complete unknown. Two major negative feedback regulations have 
been known for liver BA synthesis. When BAs are recycled from the ileum, ileocytes 
can sense BAs and secret hormone FGF19/FGF15, which acts on FGFR4/KLβ in the 
liver to suppress BA-related genes (Russell, 2009). Although its receptor complex in 
the liver, FGFR4/KLβ, were down-regulated in the HS pigs, ileal FGF19 did not vary 
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among treatments. The enterohepatic feedback pathway is unlikely contribute to 
suppress BA synthesis and conjugation in the HS pigs. In addition to the feedback 
from enterohepatic circulation, BAs in the liver bind to FXR to induce SHP, 
consequently repressing the expression of FXR-target genes, such as CYP7A1, 
IBABP, BSEP, NTCP and OATP1B3 (Goodwin et al., 2000; Lu et al., 2000; Jung et 
al., 2007). Altered FXR/RXR activation in the liver has been reported in heat-stressed 
dairy cattle (Zachut et al., 2017; Skibiel et al., 2018b). Here we noted a decreased 
FXR in the HS pigs, but SHP did not change accordingly. It should be noted that BAs-
induced SHP was very rapid and transient, which was induced by BAs in acute phase 
response (Wang et al., 2002). Therefore, the involvement of FXR/SHP in modifying 
BA-targeted gens after 21-d heat exposure is also excluded. Besides SHP, FXR, as a 
potent transcription factor, can directly binding to the promoter region of FXR targets 
genes. Using CHIP-seq method, Thomas et al. profiled genome-wide FXR binding 
activity in the liver and intestine of mouse, showing a strong binding activity towards 
genes related to BA hemostasis (Thomas et al., 2010). Pearson’s correlations also 
revealed wide positive correlations between FXR and CYP27A1, BACS, BAAT, 
NTCP, OATP1B3, BSEP. The down-regulated expression of genes encoding BA 
synthetic and conjugation enzymes and BA transporters may be a result of suppressed 
FXR expression in the HS pigs. Another explanation could be a genome-wide down-
regulation in gene transcription in heat-stressed animals (Sørensen et al., 2005). In 
heat-stressed C. Elegans, chaperone production is up-regulated and various metabolic 
pathways are down-regulated. This down-regulatory effect on gene transcription may 
be caused by DNA methylations or histone modification (Wiegant et al., 2009). 
Several studies in pig and cattle have shown that heat exposure leads to changes in 
DNA methylation (Hao et al., 2016; Skibiel et al., 2018a). In frog, global histone 
acetylation was noted in the liver during thermal acclimation (Ishihara et al., 2019). 
Reduced feed intake during heat stress has always been a concern for farm animals 
agriculture. Although BAs are important for fat digestion, how feed intake can 
influence BA homeostasis has not been well studied. Fu and Klaassen found 40% 
caloric restriction increased the BA pool size by 162% in mice (Fu and Klaassen, 
2013). In those mice, increased TDCA and other secondary BAs were correlated with 
increased expression of CYP7A1 and BACS in the liver (Fu and Klaassen, 2013). 
Opposite to their results, we noted a 40% feed restriction in growing pigs led to 
decreased TCBAs in the serum, liver and ileum. Meanwhile, CYP27A1 and BSEP 
were down-regulated in the liver of the PF pigs. This great discrepancy between the 
two studies could come from different restriction methods. In addition, the diet in pigs 
is different from that of mice. Natural diet of mice has phytosterols but not cholesterol 
and pigs are omnivore so eat cholesterol. Therefore, the different dietary composition 
might lead to a discrepancy in the bile acid pool between pigs and mice. 
In our study, we restrictedly fed pigs without balancing other nutrients. In the work 
of Fu and Klaassen, the mice were on a 60% of normal feed intake but were fed with 
a nutrient-concentrated diet to ensure sufficient nutrients except calorie. By 
comparing the HS to PF group, we noticed differences in the liver BA-related gene 
expression despite of a similar pattern in the TCBAs, where FXR, BAAT, BACS, 
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NTCP and OATP1B3 were higher in the PF group than the HS group. Down-
regulations in FXR and FXR-target genes in the liver were independent of reduced 
feed intake in the HS pigs. Therefore, reduced feed intake only partially contributes 
to the BA homeostasis in the HS pigs. 
The majority of BAs in the liver are conjugated with either glycine or taurine. 
Conjugated BAs are subjected to deconjugation and dehydroxylation by bacteria 
residing in the large intestine. We have previously shown abundance of Bacteroides 
was positively and Clostridium, Lactobacillus and Enterococcus were negatively 
correlated with secondary BAs in pigs (Zhang et al., 2018). Here, we confirmed with 
absolute quantification methods that total bacteria and Bacteroides were increased but 
Clostridium was decreased in the cecum compared with the ileum. The transformation 
from primary BAs into secondary BAs mostly occurred in the cecum and colon 
(Ridlon et al., 2006; Fang et al. 2018). In our study, the increase of SBA (LCA and 
UDCA) and decrease of PBA (CDCA and HCA) in the cecum was primarily the result 
of the conversion of PBA to SBA by Bacteroides and Clostridium, as already shown 
by Zhang et al. (2018). In addition, the increase in unconjugated BAs from the ileum 
to the cecum, together with the high abundance of microbiota in the cecum compared 
to the ileum, suggests that the bacteria were responsible for the deconjugation of BA, 
in agreement with Masuda (2013). Several publications reporting altered gut 
microbiome in heat-stressed animals (Contreras-Jodar et al., 2019; Shi et al., 2019). 
Surprisingly, BA-related bacteria in the ileum and cecum were not affected by 21-d 
heat exposure or 40% feed restriction despite of a slight increase number of total 
bacteria in the cecum of the PF pigs. The unaltered BA-related bacteria suggested BA-
related bacteria community were quite resistant to such treatments. Although cecum 
is one of the major intestinal compartments for BA metabolism, it is not completely 
known how cecal BAs contribute the whole-body BA homeostasis. In the large 
intestine, TGR5 mainly located in enteroendocrine L cells. Activation of TGR5 by 
BAs can stimulate GLP-1 release in the large intestine. Therefore, BAs can regulate 
postprandial glucose homeostasis (Thomas et al., 2009) and gut motility (Alemi et al., 
2013). The down-regulated TGR5 in the HS pigs has shown correlated with GLP-1 
coding gene (r = 0.53, P = 0.005, data not shown). Our published data have shown 
that heat exposure increased serum glucose and liver insulin signaling (Xin et al., 
2018). 
In conclusion, chronic heat exposure can greatly suppress liver activity of synthesis 
and uptake TCBAs, which are known as chaperons to against ER stress. This could 
be deleterious to normal function of cells experiencing heat stress. Although TCBAs 
are reduced in the HS pigs as well as their PF counterparts, the regulatory mechanisms 
are different. During long-term heat exposure, down-regulated FXR seems to be the 
trigger for suppression in genes for BA synthetase, conjugation and transport. 
However, more work needs to be done to validate these hypotheses in the future. 
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The pigs are recognized as excellent biomedical models for human studies due to 
its physiology, anatomy, pathology, genome organization. Moreover, the life span of 
pigs are more similar to those of humans (Prather et al. 2013). In addition, the highly 
conserved metabolic and physiological responses to a severe heat load amongst 
species (Baumgard and Rhoads 2013) can make pigs become an ideal model to enlarge  
further our understanding of thermal biology. 
This PhD aimed to answer the following three questions: (1) What is the 
composition of the BA in pigs, what are the transporters and how is pectin affecting 
BA transport? (2) How does HS affect cholesterol metabolic status in pigs? (3) 
Whether and how HS could alter BA metabolism? To answer these questions, three 
experiments were carried out in the thesis. The first experiment was to set up LC-
MS/MS bile acid profiling protocols, and q-PCR to quantify BA biosynthesis and 
transportation gene expression in pigs. In addition, the effect of pectin and BA 
transport was investigated. Based on this knowledge, the second and third experiments 
were established to study how cholesterol and BA homeostasis are regulated in both 
short term and long term heat-stressed pigs. The thesis was discussed from the 
following points. 
2. Comprehensive comparison of bile acid composition in different 
tissue in pigs 
Murine models are widely used to study BA metabolism. However, the 
compositions of BA between human and murine models are different. It is reported 
that, in murine models, over 95% of biliary BAs are conjugated with taurine; whereas 
the human pool is abundant in glycocholates. The pig is very similar to humans in 
terms of anatomy, genetics and physiology (Meurens et al., 2012). 
 
Figure 6-1. Bile acids profiles in liver, serum, ileum, cecum, colon and feces and the 
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Table 6-1. The composition of bile acids in the liver (μg/g), serum (μg/mL), and intestines 
(μg/g) in two chapters. 
 Chapter 5 Chapter 3 
 Liver Serum Ileum Cecum Colon Faeces 
TBA 522.2 6.5 422.6  126.6  128.2  56.0  
PBA 0.8 2.4 239.0  42.7  55.5  3.2  
SBA 0.4 1.7 49.3  76.57  91.9  56.6  
GCBA 493.3 2.2 213.9  15.4  13.6  1.9  
TCBA 27.8 0.3 29.0  1.1  7.0  0.5  
 
In our thesis (Table 6-1), the composition of taurocholates and glycocholates was 
1:18 in the liver, 7:55 in the serum, 9:30 in the ileum, 1:11 in the cecum, 3:9 in the 
colon and 4:9 in the faces, which revealed the pig, like the human, has a greater 
proportion of glycocholates than taurocholates. Therefore, pig as a model for human 
BA metabolism seems appropriate. In addition, significant variations in distribution 
and concentrations of BAs in pig liver, serum, different intestinal sections and faeces 
were observed (Figure 6-1). Notably, above 94% of the total BAs were comprised of 
glycine conjugates, while taurine conjugates and free BAs existed at very low levels 
in pig liver samples, as hepatic extraction of free BAs is less efficient than that of 
conjugated forms (Iga and Klaassen, 1982). Conversely, over 60 % of BAs in pig 
serum were unconjugated BAs, in which CDCA and UDCA were the most abundant 
elements. These results were consistent with previous reports that glycine-conjugated 
BAs biosynthesis was found to be the main metabolic pathway in pig liver (Setchell 
and Vestal, 1989; Si et al., 2015), and conjugated BAs were the highest proportion in 
the liver. However, deconjugation begins in the duodenum and as there is entero-
hepatic recycling, the serum contained 60% unconjugated BAs (Alnouti et al., 2008; 
Yang et al., 2017). Then, the BAs concentrations measured in liver were 
predominantly those from liver synthesized BAs rather than from that of residual 
blood in the liver (Swann et al., 2011).  
From the ileum to the large intestine, the pool size of total BAs has been reduced by 
a factor of four (Figure 28 and Table 10). Similar patterns have also been observed by 
Gunness and his co-workers, who found the BAs pool markedly peaked at 
approximately 3/4 of the small intestine of the pig and became smaller afterwards 
(Gunness et al., 2016a; Gunness et al., 2016b). It is estimated that 90-95% of BAs are 
recycled in the distal ileum (Alrefai and Gill, 2007), therefore reabsorption of BAs in 
the ileum is the main reason that may explain the size difference between the ileum 
and large intestine. In the intestine, glyco- and tauro-conjugated BA are deconjugated 
by bile salt hydrolase (BSH), and 7α-dehydroxylase activity of the gut microflora to 
unconjugated BAs and secondary BAs, respectively. Gut bacteria that express BSH 
include species in genera Bacteroides, Clostridium, and Lactobacillus (Ridlon et al., 
2016). A drastic increase was observed in the concentrations of unconjugated BAs 
from the ileum to the cecum, colon and feces, together with increased Bacteroides in 
the cecum compared with the ileum (Chapter 5b), deconjugating taurine- and 




glycine-conjugated BAs (Martin et al., 2007) and faecal excretion. Some glycine-
conjugated BAs are reabsorbed via passive diffusion throughout the small intestine. 
Active transport of BAs occurs in the ileum and passive absorption of SBA occurs in 
the large intestine (Dawson and Karpen, 2015). Therefore, higher GCBA (GCDCA 
and GUDCA) levels in the ileum compared to large intestine and higher levels of SBA 
in the large intestine (cecum and colon) compared to the ileum. In addition, CA and 
CDCA are converted to DCA and LCA, respectively by 7α-dehydroxylase 
(Clostridium)(Jiao et al., 2018). We have previously shown that the abundance of 
Bacteroides was positively correlated and Clostridium, Lactobacillus and 
Enterococcus were negatively correlated with secondary BAs in pigs (Zhang et al., 
2018). In Chapter 5b, we found that total bacteria and Bacteroides were increased 
but Clostridium was decreased in the cecum compared with the ileum. Thus, the 
increase of SBA (LCA) and decrease of PBA (CDCA) in the cecum, colon and feces 
was primarily the result of the conversion of primary BAs to secondary BAs by 
Bacteroides and Clostridium. 
3. Comprehensive comparison of intestinal bile acid transporters 
between pigs and humans 
In humans and rodents, the great abundance of ASBT and OSTα/β makes the ileum 
highly capable of BA absorption and, therefore, the ileum is considered the major site 
for BA enterohepatic circulation (Dawson et al., 2005; Landrier et al., 2006). In pigs, 
some researchers argue that BA absorption in the jejunum is also important. Our study, 
for the first time, has defined the spatial distribution of BA transporters and sensors in 
the different intestinal compartments of pigs (Chapter 3). Similar to humans and 
rodents, the ileum of pigs has the greatest abundance of ASBT and OSTα/β, as well 
as bile acid sensors (FXR, FABP6 and FGF19), suggesting that this intestinal section 
is critical for BA reabsorption. In the jejunum, OSTα/β is as abundant as in the ileum 
and, thus, the jejunum should also contribute to intestinal recycling of BAs in pigs. 
The bile acid membrane receptor, TGR5, and the other basolateral transporter, MRP3, 
are expressed highest in the caecum and colon. SBAs possess greater affinity with the 
membrane receptor, TGR5, than with FXR (Trabelsi et al., 2015). As mentioned 
before, SBAs are dominant (over 60%) in the caecum and colon, which well matches 
the high abundance of TGR5. 
4. Pectin on intestinal bile acid transport in pigs 
The understanding of how BA transporters expression are regulated, is still 
developing. FXR is a strong candidate for the core of the regulatory network. The 
ligand binding domain (LBD) of FXR forms a hydrophobic pocket for BA binding 
(Modica et al., 2010), making it a great sensor to respond to changes in BAs (Tu et al., 
2000). The present study has shown FXR is increased by pectin consumption in the 
ileum and caecum, but the range of induction is greater in the latter section. 
Differences in FXR induction among intestinal sections could be a result of 
compositional differences in luminal BAs. FXR can convey the signal of BA changes 
to BA transporters by regulating the expression of a cohort of genes as a transcription 
factor, such as OSTα/β (Landrier et al., 2006), and FGF19 (Miyata et al., 2014), 
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CYP7A1(Goodwin et al., 2000; Lu et al., 2000), BACS and BAAT (Pircher et al., 
2003). Recently, several studies have shown that the expression of BA transporters 
and signalling, including ASBT, FABP6, FGF15 (homologue of FGF19 in murine) 
and FXR were upregulated, whereas SHP was downregulated after intake of dietary 
fibre (Andersson et al., 2017; Bhuiyan et al., 2011; Zhang et al., 2013). We have found 
concomitant increases in MRP2 and FXR in the ileum and OSTα/β, MRP2, MRP3 
and FXR in the caecum after PEC consumption (Chapter 3). Since FXR has been 
proven to directly transcriptionally activate those transporters (Kast et al., 2002; 
Landrier et al., 2006), pectin is likely to increase BA import to induce FXR and 
consequently trigger the transcription of BA transporters. Unlike other BA 
transporters, ASBT expression does not always follow changes in FXR expression or 
activity. In the ileum, gene expression of ASBT is increased, while it has been noted 
to be decreased in the caecum. It is known that the activation of ASBT gene 
transcription is independent of FXR (Duane et al., 2007), but the FXR-SHP-RAR 
pathway can mediate the transcription inhibition on ASBT (Neimark et al., 2004; Zhu 
et al., 2017a). The up-regulation in ileal ASBT may be alleviated by the inhibitory 
effects of FGF19 because ASBT gene transcription is known to be inhibited by the 
autocrine effect of FGF19 (Sinha et al., 2008). Thus, our results showed PEC could 
increase transepithelial transport of BA in the caecum and apical transport of BAs in 
the ileum. Our results suggested site-specific regulatory effects of pectin on BA 
transport in the gut. This might an attempt of the body to have a sufficient recycling 
of BAs 
5. Application of pectin in animal husbandry and human  
5. 1. Cholesterol lowering effect  
Recent studies have shown an inverse relationship between dietary fiber intake and 
the risk of CVD. Hypercholesterolaemia is one of the major risk factors for CVD. The 
cholesterol-reducing effects of soluble dietary fibres have been noted in both human 
and animals. Pectin present in fruits is well known for its cholesterol lowering effect 
by binding BAs in the gut and promoting their excretion (Mudgil and Barak, 2013). 
Faecal excretion of BAs is a major route for eliminating cholesterol because about 30-
40% of cholesterol is catabolized into BAs in the liver. The increased synthesis of BAs 
after pectin supplementation consequently diverts hepatic cholesterol from releasing 
into the systemic circulation in the form of lipoproteins. The inclusion of 5% pectin 
significantly lowered serum cholesterol and triglycerides by 25% (Chapter 3). The 
lipid-lowering effect of pectin has been confirmed in pigs even on a plant-based 
conventional basal diet. Unexpectedly, no significant changes in the faecal BAs and 
the expression of enzymes involved in BA synthesis were observed in our study. We 
hypothesize that the lack of changes in fecal BAs could be due to the conventional 
basal diet in the current study containing only a normal level of fat. Previous studies 
have shown that BA pools are not altered by pectin supplementation unless the animal 
is placed on a high-cholesterol diet or a high-fat diet to induce hyperlipidaemia 
(Ghaffarzadegan et al., 2014; Ghaffarzadegan et al., 2016). Another mechanism for 
lower levels of cholesterol include reductions in bile acid absorption, and then 
increases in de novo synthesis of BAs in liver and plasma clearance of cholesterol 




(Theuwissen and Mensink, 2008). Active absorption and passive absorption of bile 
acids occur in the ileum and large intestine (caecum and colon), respectively.  
In the cecum, HCA and UDCA+HDCA were lowered by pectin and thereby total 
BAs and unconjugated BAs were lowered in the PEC-fed pigs. After microbial 
deconjugation, the unconjugated BAs are more readily absorbed by passive diffusion 
(Wahlström et al., 2016). Decreased BAs in the cecum together with increased 
expression of BA exporters (OSTα/β and MRP3) may reduce the passive absorption 
of bile acids, thereby lowering serum cholesterol levels in our study. In addition, 
pectin is known for its potent impacts on intestinal microbiota, increasing the relative 
abundances of genera Prevotella and Dialister in the cecum (Tian et al., 2017). 
Changes in cecal microbiota can lead to alterations in microbial metabolic activities 
on BAs. After microbial deconjugation, the unconjugated BAs are more readily 
absorbed by passive diffusion (Wahlström et al., 2016). The observed decrease in BAs 
in the cecum after pectin consumption may be associated with enhanced 
deconjugation activity of gut bacteria, and passive diffusion. Based on these findings, 
we consider that pectin could bind BAs to modify the transport of BAs, which might 
as an attempt of the body to have a sufficient recycling of BAs. 
5. 2. Improving intestinal barrier function  
Dietary pectin may also help to maintain gut barrier integrity (Jiang et al., 2016), 
treat or prevent intestinal infections (Rabbani et al., 2001) through alteration of the 
composition and activity of the intestinal microbiota (Licht et al., 2010; Olano‐Martin 
et al., 2002). The gut commensal microbiota can directly or indirectly affect the 
intestinal barrier function by releasing innate immune factors, promoting the 
expression of mucin and tight junction proteins and synthesizing metabolites, such as 
short chain fatty acids (SCFA) (Tan et al., 2014) and bile acids (Vavassori et al., 2009). 
SCFA can promote the proliferation of intestinal epithelial cells and affect epithelial 
barrier function (Kelly et al., 2015). The reduction of BA in the gastrointestinal tract 
is associated with bacterial overgrowth translocation and mucosal injury (Deitch et al., 
1990).  
Bile acids have been implicated in intestinal antibacterial defense and barrier 
function in the intestine primarily via the FXR transcription factor (Gadaleta et al., 
2011). FXR activation was shown to protect mucosal injury, bacterial overgrowth and 
translocation (Ding et al., 1993; Inagaki et al., 2006). Activation of FXR in LPS-
stimulated macrophages inhibits the release of pro-inflammatory cytokines (IL-1 beta, 
IL-6, and TNF-alpha) by interfering with Nuclear factor kappa β (NF-kB)-dependent 
transcription (Postler and Ghosh, 2017; Vavassori et al., 2009). Furthermore, FXR 
deficiency in mice results in exacerbated progression of these immune-mediated 
disorders (Vavassori et al., 2009). Our previous research showed that 5% PEC can 
improve the intestinal mucosal physiology, increase the abundance of Prevotella and 
SCFA production in the large intestine (Zhang et.al. unpublished data). In this thesis, 
we observed that expression of FXR mRNA in the ileum and cecum was increased 
upon pectin supplementation (Chapter 3). FXR is a nuclear receptor, and the binding 
of FXR to BA is based on the premise that BA molecules are transported into cells. 
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Pectin regulates the expression of FXR through up-regulating transport genes ASBT 
and OSTα in the ileum and cecum, respectively. Thus, pectin supplementation could 
improve intestinal barrier function as evidenced by changes in gut microbiota and 
SCFA together with the activation of FXR through transport gene ASBT and OSTα.  
5. 3. Growth performance effect 
It is known that pectin reduces BA re-absorption in small intestine and increases BA 
transport in cecum and colon, where they are deconjugated and dehydroxylated via 
the microflora(Baron and Hylemon, 1997). Increased BA excretion after pectin 
consumption is connected with a decrease in the BA pool, which causes an increase 
in BA synthesis and cholesterol depletion (Garcia-Diez et al., 1996). Therefore, it may 
demand a lot of energy and is thus not efficient for growth performance. Fleming et 
al. found that a diet with 10% pectin reduced weight gain and feed efficiency ratios in 
rats (Fleming and Lee, 1983). Likewise, Wils-Plotz et al. also showed that 7% added 
pectin reduced weight gain and feed efficiency compared with the control diet (Wils-
Plotz and Dilger, 2013). However, our recent data (Chapter 3) and in accordance with 
research from Nishijima et al showed that there were no significant differences in 
weight gain and feed intake by the inclusion of 5% pectin (Nishijima et al., 2009). 
Thus, whether dietary pectin reduces animal growth performance is uncertain and it 
may depend on the amount of pectin added to the diet the animal species and their age. 
However, more work needs to be done to validate these hypotheses in the future. 
6. Comprehensive comparison of cholesterol and bile acid metabolism 
in short term and long term heat stress 
6. 1. Short term heat stress (3 d) 
It is well known that cholesterol homeostasis is maintained by a subtle balancing act 
among synthesis, absorption, and excretion (Morgan et al., 2016a; Quintao et al., 
1971). In our thesis, we found that short term heat stress reduced cholesterol levels in 
the liver by decreasing cholesterol synthesis, increasing the catabolism of cholesterol 
to BAs in the liver and by increasing cholesterol levels in serum (Figure 6-2). 





Figure 6-2. Cholesterol and bile acids composition and genes related to cholesterol 
biosynthesis and bile acid metabolism in the liver of pigs exposed to 33 °C for 3 days 
A clear increase in serum TC and LDL-C was observed in HS pigs under 3 d of heat 
exposure. The alteration of temperature can change lipid composition and architecture 
of cell membranes, which could be offset by increasing cholesterol levels (Konings, 
1988). Indeed, cholesterol levels in the membrane rise with body temperature to 
stabilize membranes (Cress et al., 1982; Crockett, 1998). Cress and Gerner also 
reported that cholesterol could regulate the survival sensitivity of mammalian cells to 
high temperature via changes in physical membrane properties (Cress and Gerner, 
1980), serving as a primary defence element. In addition stress upregulates heat shock 
proteins (HSPs) expression (Nagy et al., 2007) to promote the survival of stressed 
cells (Kirkegaard et al., 2010) leading to resistance to heat stress (Feder and Hofmann, 
1999). The increased cholesterol during short term heat challenge could benefit cells 
from thermal damages by increasing HSP productions. Different from serum 
cholesterol, liver TC was reduced in the HS pigs, together with decreased expression 
of HMGCR, which is a rate-limiting enzyme for cholesterol synthesis, demonstrating 
liver cholesterol synthesis was down-regulated in the HS pigs on d3. The activity of 
HMGCR can be regulated by cholesterol in a negative feedback mode in order to 
maintain a relatively stable level of cholesterol (Ness and Chambers, 2000). It is likely 
that the increased serum cholesterol at the beginning of heat exposure down-regulated 
liver HMGCR expression to reduce liver cholesterol biosynthesis. Although the PF 
pigs consumed equally amount of feed as the HS pigs, restricted feed intake did not 
affect serum cholesterol and liver HMGCR on d3. Based on the differences between 
the HS and PF pigs, it is thought cholesterol metabolism is only regulated in the pigs 
exposed to heat stress.  
Short term heat exposed pigs led to a substantial increase in the hepatic 
concentration of TCBA, which was not caused by the reduced feed intake. TCBAs are 
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formed through conjugation of taurine with BAs. The increase of heat dissipation was 
the main stage of coping with the short term heat stress (Hahn, 1999). Taurine, an 
endogenous cryogen, was released to counteract the resulting hyperthermia (Frosini 
et al., 2002). In addition to cooling function, taurine seemed to have an unique 
mitochondrial protective effect through taurine mediated prevention of intracellular 
(El Idrissi and Trenkner, 1999). Thus, increased TCBA levels in short-term HS might 
be due to the increase of taurine, which increased heat losses and served as an element 
against noxious effects (Kim et al., 2010) in short-term heat stress. Unexpectedly, the 
expression of genes involved in BAs metabolism were not altered in HS pigs, 
suggesting that the changes in TCBA might have occurred at the functional rather than 
transcriptional level. Bile acids are end-products of cholesterol metabolism, 
facilitating cholesterol elimination in liver. Taurocholate infusion produced a marked 
increase both in total output and in esterification of cholesterol (Watt and Simmonds, 
1984). Furthermore, Murakami et al, 2016 concluded that taurine supplementation 
increases the synthesis of TCBA and stimulates the catabolism of cholesterol to BAs, 
leading to reductions in hepatic cholesterol levels. Thus, the increase of TCBA level 
in the liver may promote the conversion from cholesterol to BAs and consequently 
increase the release of cholesterol into the systemic circulation by increasing of serum 
cholesterol, which further explained the mechanism of cholesterol metabolism during 
short-term HS in view of cholesterol secretion. Thus, increased level of TCBA in the 
liver may promote the conversion from cholesterol to BAs and consequently increase 
cholesterol release into the systemic circulation, reduced cholesterol levels in the liver.  
6. 2 Long term heat stress (21d) 
Long term heat stress leaded to cholesterol and BA metabolism alteration in the 
liver via decreased cholesterol uptake and TCBA synthesis and uptake (Figure 6-3). 
 





Figure 6-3: Cholesterol and bile acids composition and genes related to cholesterol 
biosynthesis and bile acid metabolism in the liver of pigs exposed to 33 °C for 21days 
On d21, liver cholesterol levels were also lower in the HS pigs. In contrast to d3, 
the reduced liver cholesterol was due to the decreased liver uptake rather than on de 
novo biosynthesis. In the HS pigs, liver LDLR and SREBP2 were down-regulated by 
30% and 40%, respectively, when HMGCR gene expression was about the same level 
as the CON pigs. Endocytosis mediated by LDLR is the major route for the liver to 
up cholesterol in the circulation. The reduction in gene expression of LDLR and its 
transcriptional regulator SREBP2 strongly suggested a reduced cholesterol uptake 
from extrahepatic tissues. Significant differences in cholesterol metabolism were also 
noted between the HS and PF pigs in the present study. However, the temporal 
increases (3 d) in TC and LDL-C were only found in the HS pigs but not in the PF 
groups. In addition, at day 21, TC was greater in HS pigs than PF pigs. In PF pigs, 
decreased TC together with down-regulated expression in LDLR and HMGCR in the 
liver may suggest a reduction of cholesterol biosynthesis and uptake. Therefore, we 
assume that reduced feed intake can only partially contribute to the liver decreased 
cholesterol uptake. Cholesterol biosynthesis and transport are then mainly regulated 
in the pigs exposed to long term heat stress, rather than due to the decreased feed 
intake.  
Conversion to BAs from cholesterol in liver is the major route for cholesterol 
excretion (Li and Chiang, 2014; Zhang et al., 2016). In our study, liver and serum 
TCBAs were lowered in the HS pigs. In the process of BAs synthesis, CYP27A1 
initiates the alternative pathway, which is responsible for 30-50% of the total 
formation of BAs (Björkhem et al., 2002). Newly synthesized BAs in the liver are 
conjugated with taurine to form TCBA by BAAT and BACS (Russell, 2003). In our 
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study, the decreased expressions of hepatic CYP27A1, BAAT and BACS could 
contribute to the reduced concentration of TCBA in the liver and serum of long-
term heat exposure pigs. In addition to CYP27A1 BAAT and BACS, bile acids 
transporters, NTCP, OATP1B3 and BSEP, were also down-regulated in the HS pigs. 
Therefore, heat exposure is more likely to suppress alternative BA synthesis, 
conjugation as well as liver uptake to reduce TCBAs. We noted a 40% feed 
restriction in growing pigs led to decreased TCBAs in the serum, liver similar to HS 
pigs. However, by comparing the HS to the PF group, we noticed differences in the 
liver BA-related gene expression despite of a similar pattern in the TCBAs, where 
FXR, BAAT, BACS, NTCP and OATP1B3 were higher in the PF group than the 
HS group. Down-regulations in FXR and FXR-target genes in the liver were 
independent of reduced feed intake in the HS pigs. Therefore, reduced feed intake 
only partially contributes to the BA homeostasis in the HS pigs.  
7. Comparison between short term and long term heat stress  
Inconsistent responses on metabolic changes have been shown in short term and 
long term heat stress (Belhadj Slimen et al., 2016). In our thesis, the alterations of 
cholesterol and BA metabolism were different between short and long-term 
exposure (Chapter 4 and 5). Increased levels of serum cholesterol and hepatic 
TCBA were important to increase heat losses and protect life-threatening damages, 
suggesting a defense mechanism against noxious effects from the primary period of 
heat stress (Chapter 4 and 5a). It was found that a new physical and metabolism 
could be established after 8 to 10 days heat exposure (Hahn, 1999). We found that 
cholesterol and LDL-C were increased on the first 3 days of heat exposure and 
gradually returned to the baseline afterwards (Chapter 4). Taurine impacted blood 
lipid profiles (Zhang et al., 2004) and insulin resistance (Kim et al., 2012) in long-
term models. Over the prolonged heat exposure, TCBA levels were decreased in 
liver and serum, which might affect the lipid metabolism due to the decrease of feed 
intake for a long period (Chapter 5b). These results were partly similar for the PF 
group. The adaptation condition was achieved in the body owing to the alteration of 
metabolism induced by long-term heat exposure, which might adapt the extended 
period of heat stress as an adaptive and compensatory capability. 
8. Heat stress and dyslipidemia 
Heat stress (HS) is a major environmental and occupational hazard for both humans 
and animals. HS is known to affect several physiological functions including elevated 
blood pressure and urine gravity, increased recovery heart rates and fatigue symptoms 
(Xiang et al., 2013). Deaths from cardiovascular and respiratory disease are 
commonly reported as the underlying cause of death during heat stress (Hajat and 
Kosatky, 2010). Some early studies showed workers exposed to overheat had a higher 
cardiovascular risk, mainly higher rate of dyslipidemia, often accompanied with 
overweight and electrocardiograph (ECG) data for hypertrophy of the left ventricle 
(Vangelova and Deyanov, 1999; Wild et al., 1995). Heat stress can increase the 
secretion rates of cortisol and catecholamines (Follenius et al., 1982; Vangelova et al., 
2002). The occupational stress related cortisol secretion has been shown to interact 




with cardiovascular risk factors (Chrousos, 2000). 
Changes of serum lipid composition caused by heat stress has been well validated 
in humans and animals. Vangelova et al. (2006) found a significantly increase of TC, 
LDL-C and TC/HDL-C among the studied heat exposed industrial workers in 
comparison to the control group. Keatinge et al. (1986) also showed volunteers were 
exposed to 41°C for six hours with elevated serum TC, HDL-C, LDL-C and VLDL-
C. People work in hot environments for a long time is associated with greater chance 
of becoming dyslipidemia. Heat stress also changed serum lipid composition in 
chickens (MR and GH, 2015) and pigs (Pearce et al., 2013). In this PhD study 
(Chapter 4), serum TC, LDL-C and TG were increased in the HS pigs on d3 of heat 
treatment which was consistent with previous studies in humans and pigs. These 
results revealed that heat stress could cause dyslipidemia in humans and animals, 
which seems harmful to health. Regular screening of lipid profile in heat exposed 
workers is recommended with its frequency increasing with the duration of work in 
hot environments. However, further investigations are needed to delineate the 
pathways by which heat exposure acts on dyslipidemia and whether dyslipidemia 
caused by heat stress could increases the risk of cardiovascular disease. 
9. Heat stress, lipid metabolism and inflammatory response 
Recent studies have found intestinal barrier functions can be damaged during heat 
exposure (Liu et al., 2009; Yu et al., 2010), which can influence metabolic activities 
in heat-stressed animals by facilitating translocations of bacteria and endotoxins from 
the intestine to the circulation (Baumgard and Rhoads, 2013). The increased 
circulating endotoxins in turn provoke inflammations and release proinflammatory 
cytokines. In heat-stressed pigs, inflammatory signaling pathways, such as NF-κb and 
AP-1, were activated in oxidative skeletal muscle at 4-12 h of heat exposure (Ganesan 
et al., 2016; Ganesan et al., 2017) and muscular TNF-α production was increased and 
IL-6 was decreased (Ganesan et al., 2016). Cytokines, such as TNF-α, IL-6 and IL-
1β, are potent regulators of lipid metabolism (Coppack, 2001). They can interact with 
the insulin signaling pathway to modify insulin sensitivities (de Alvaro et al., 2004; 
Nieto-Vazquez et al., 2008). In heat-stressed pigs, altered insulin activities have been 
demonstrated to regulate fatty acids metabolism (Baumgard and Rhoads, 2013; 
Ganesan et al., 2016; Ganesan et al., 2017; Ganesan et al., 2018). We found after 3 or 
21 d, 33 °C may not induce systemic cytokine production in growing pigs (Wen et al. 
2019), which coincides with unaltered insulin signaling in the muscle. Lack of 
changes in serum cytokine production in the current study suggests this magnitude of 
temperature increment only results in minimal tissue damages in growing pigs 
because serum biomarkers (Chapter 4) related to tissue damages, such as LDH, ALT 
and AST, did not increase in pigs experiencing heat challenge for 3 or 21 days. 
However, heat stress did affect cholesterol metabolism in pigs, increased serum 
cholesterol on d3 of heat exposure. Based on the above analysis, exposure to 33 °C 
can influence lipid metabolism in growing pigs without causing severe tissue damages 
and inflammatory response. 
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10. Comparative analysis of the function of bile acid after pectin 
consumption and heat exposure  
Bile acids are produced from cholesterol in the liver and released into the intestine 
to promote the digestion and absorption of the lipid. Furthermore, BAs as nutrient 
signals to activate specific receptors can coordinate fat, glucose and energy 
metabolism by FXR and TGR5. Pectin decreased cholesterol levels in humans. In 
addition, pectin yields acetic acid in the cecum (Berggren A M et al., 1995), which 
influence the BA profile (Ghaffarzadegan T et al., 2014). The SBA in the cecum 
were positively correlated with cholesterol levels in portal plasma (Ghaffarzadegan 
T et al., 2016). In our study, decreased cholesterol level due to binding of SBA by 
the dietary pectin, and as a consequence less SBA can be reabsorbed in the cecum, 
which lowered the risk of CVD. Changing BA metabolism can have great impact 
on cholesterol homeostasis. In the heat stress pigs, we also found that the alteration 
of TCBA in the liver was associated with the hepatic and serum cholesterol levels 
(Chapter 5a and 5b). In addition, TCBA might serve as a primary defence element 
against the cellular damage and noxious effects from the heat exposure. These 
findings might suggest that SBA and TCBA can as metabolic regulator and 
molecular tag that affect the body's cholesterol metabolism in dietary fiber and heat 
stress models, respectively.  
11. Perspectives 
11. 1. FXR 
In our study, we found FXR was upregulated in the ileum and cecum after pectin 
consumption (Chapter 3). In HS pigs, FXR was down regulated in liver after 21 d heat 
stress (Chapter 5b). FXR plays a critical role in the coordination of bile acid synthesis, 
biliary bile acid secretion, intestinal bile acid reabsorption and secretion, and bile acid 
uptake into hepatocytes. Thus, additional experiments could examine bile acid 
metabolism and FXR signaling in enterocytes after pectin consumption and FXR 
signaling in hepatocyte after heat exposure.  
11. 2. Anti-heat stress and regulation lipid metabolism of TCBA 
Heat exposure (3 d and 21 d) caused significant changes in TCBAs in the liver. This 
could be deleterious to the normal function of cells experiencing heat stress. In 
addition, fat deposition is favored in heat- stressed pigs and bile acids could regulate 
lipid metabolism. Therefore, studies on TCBA in anti-heat stress and regulate lipid 
metabolism needs to be done to validate these hypotheses in the future. 
11. 3. Interaction test of dietary pectin and heat stress 
In my thesis, 5% dietary pectin reduced the level of TC and LDL-C (Chapter 3) in 
pigs while HS pigs increased the concentration of TC, TG and LDL-C in the serum 
(Chapter 5a) So, we assume pectin could regulate cholesterol level in HS pigs. The 
experiment of effects of dietary pectin on cholesterol metabolism in heat stress pigs 
will be carried out in the future and an interaction between pectin and heat stress will 
be investigated. 




12. General conclusion 
In this thesis, we investigated the effect of dietary pectin and heat exposure (short 
term and long term) on cholesterol and bile acids metabolism in pigs. We fully 
characterized the composition of liver-gut BAs and the distribution of intestinal BA 
receptors and transporters in pigs.  
Pectin reduced serum cholesterol by diminishing the absorption of SBA in the 
cecum. In addition, pectin increased the intestinal BA transport at the molecular level. 
These results indicated that the pectin plays an important for the prevention or 
treatment of hyperlipidemia in pig production or human research by modulating cecal 
BA composition and intestinal BA transport. 
Short term heat exposure reduced cholesterol level in the liver and increased 
cholesterol distribution to other tissues via decreasing cholesterol synthesis and 
increasing conversion from cholesterol to TCBA in liver. Differed from short term 
HS, long term heat exposure suppressed hepatic cholesterol uptake and the synthesis 
and uptake of TCBA in the liver. All these has helped us to develop a different 
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